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ABSTRACT 
The behaviour of chiral 1,3-dioxolan-4-ones, derived from reaction of mandelic and 
lactic acid with pivalaldehyde, as chiral acyl anion equivalents has been examined. 
Addition of the corresponding 5-anions to a substituted nitrostyrene and to butenolide 
was achieved and the structure and stereochemistry of the adducts established by X-
ray crystallography. Fragmentation under flash vacuum pyrolysis (FVP) conditions 
occurred in the expected way (loss of ButCHO and CO) in the latter case, but in the 
former reductive cyclisation was used to generate functionalised lactams. An 
unexpected reaction of a dioxolanone anion with the dioxolanone to afford an aldol-
like dimer was observed in one case.  Attempts to extend the range of dioxolanones 
by using amino acid-derived α-hydroxy acids met with limited success. Only the 5-
benzyl compound derived from phenylalanine was obtained in reasonable yield and 
an attempt to alkylate it led again to aldol-like dimerisation. 
 Cycloaddition to the double bond of 2-t-butyl-5-methylene-1,3-dioxolan-4-one 
was used to gain access to a range of novel spiro bicyclic and polycyclic systems and 
fragmentation of these was expected to provide products resulting from a chiral 
ketene equivalent. While the epoxide derived from the cyclopentadiene Diels Alder 
adduct did behave in this way to give the chiral ketone in high e.e., the corresponding 
aziridine underwent unexpected isomerisation pointing to a stepwise fragmentation 
mechanism of possible general applicability in these systems. Adducts were also 
formed with tetracyclone and 1,3-diphenylisobenzofuran and an interesting pattern of 
exo/endo selectivity was observed in these cases. With tetrachlorothiophene dioxide 
the adduct again fragmented in an unexpected way to give tetrachlorobenzoic acid, 
providing further support for the intermediacy of an oxonium carboxylate species. 
 1,3-Dipolar cycloaddition to 2-t-butyl-5-methylene-1,3-dioxolan-4-one was 
achieved for the first time and a range of adducts containing novel spiro heterocyclic 
ring systems derived from nitrile oxides, nitrones and diazo compounds were obtained 
and characterised. The regiochemistry of addition as well as the relative and absolute 
stereochemistry was demonstrated by X-ray structures of three adducts. Upon 
pyrolysis some of these compounds unexpectedly lost ButCHO and CO2 to give 
carbene-derived products, including a β-lactam in one case. 
 Cycloaddition reactions of the achiral 2,2-dimethyl-5-methylene-1,3-dioxolan-
4-one were also briefly studied. 
 Symbols and Abbreviations 
 
AIBN azoisobutyronitrile 
BHT butylhydroxytoluene 
bp boiling point 
br, s, d, t, q, m broad, singlet, doublet, triplet, quartet, multiplet 
dd, ddd, dt  doublet of doublets, doublet of doublets of doublets, doublet of  
  triplets 
c concentration in g per 100 cm3 of solvent 
CI chemical ionisation 
δ chemical shift in parts per million  
d.e. diastereomeric excess 
DBU 1,8-diazabicyclo[5.4.0]undec-7-ene 
DCC dicyclohexylcarbodiimide 
DIBAL-H diisobutylaluminium hydride 
DME dimethyl ether 
DMF dimethylformamide 
DMSO dimethyl sulfoxide 
e.e. enantiomeric excess 
EI electron impact 
eq. equivalent 
ether diethyl ether 
FVP flash vacuum pyrolysis 
h, min hours, minutes 
J spin-spin coupling constant in Hertz 
LDA lithium diisopropylamide 
LIHMDS lithium hexamethyldisilazide 
M mol dm–3 
M+ mass of molecular ion 
MCPBA metachloroperbenzoic acid 
mp melting point 
m/z mass to charge ratio  
MS mass spectrometry 
NBS N-bromosuccinimide 
νmax infra-red absorption wavenumber 
NMR nuclear magnetic resonance 
ppm parts per million 
RT room temperature 
TBDMS t-butyldimethylsilyl 
temp. temperature 
THF tetrahydrofuran 
TLC thin layer chromatography 
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A Preparation and uses of chiral 1,3-dioxolan-4-ones 
1 Background 
Since the publication of Seebach’s landmark paper in 19841 there has been a surge of 
interest in the area of dioxolanones for selective asymmetric synthesis of carbonyl 
compounds such as substituted α-hydroxycarboxylic acids, amino acids and ketones. 
This paper detailed the formation of the dioxolanones as part of an investigation into 
chiral lithium enolates.  They found that upon alkylation, the stereochemistry of the 
original centre remained intact.  This discovery developed into the principle of self 
regeneration of stereocentres (SRS). The principle states that “In order to replace a 
substituent at a single stereogenic centre of a chiral molecule such as 1 without 
racemisation, a temporary centre of chirality is first generated diastereoselectively, the 
original tetragonal centre is then trigonalised by removal of a substituent to give 2, a 
new ligand is introduced again diastereoselectively giving 3, and finally the 
temporary centre is removed to produce 4”.2  It must be noted that either enantiomer 
can be formed depending on whether (a) the trans or cis acetal is available from (S)-1 
selectively or if (b) either of the enantiomeric starting materials 1 can be utilised. The 
latter route is the most commonly employed. 
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Scheme 1 
Alkylation of the enolates (2 and 2’) at the 5 position with simple electrophiles, for 
example primary alkyl, allyl and benzyl bromides or iodides, gives consistently high   
diastereoselectivities of 95% or more in the case of the cis conformation.  The method 
employed by Seebach and co-workers involved heating the desired α-hydroxy acid 
and pivalaldehyde in pentane under reflux with a Dean-Stark trap in the presence of 
catalytic amounts of p-toluenesulfonic acid and sulfuric acid. The desired dioxolanone 
diastereomer can then be purified by recrystallisation.  A number of (2S,5S)-
dioxolanones  prepared by Seebach are shown below. As the trans species is not 
employed in synthesis due to its formation in small amounts; when 9-13 are used it 
refers to the cis (2S,5S)-diastereomer.  
HO CO2H
R1H
O
O
ButH
H
R1 O
O
O
But
H
R1 O
H
+
cis trans5a, R
1 = Me
5b, R1 = Ph
6, R1 = Bn
7, R1 = CHMe2
8, R1 = CH2CO2H
9, R1 = Me, (93%, 4:1)
10, R1 = Ph, (82%, 20:1)
11, R1 = Bn, (87%, 5:1)
12, R1 = CHMe2, (50%, 5:1)
13, R1 = CH2CO2H, (67%, 3:2 or 50:1 -solvent
dependent)
a b
ButCHO, H2SO4
p-TsOH, Pentane
-H2O
reflux
 
Although Seebach himself concentrated on the formation of the (2S,5S)-1,3-dioxolan-
4-ones, the (2R,5R)-1,3-dioxolan-4-ones can be formed by the same method from the  
corresponding (R)-α-hydroxy acid as illustrated in Scheme 1. The above procedure is 
the most common method employed for their production and in the following pages 
will be often referred to as the conventional method. 
The effectiveness of dioxolanones as acyl anion equivalents to provide stereoselective 
syntheses of products has allowed them to be useful in a wide variety of areas in 
organic synthesis, from proteins to natural product synthesis.  The following sections 
will illustrate the wide variety of areas in which this field of organic chemistry is 
used. 
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2 Developments in the synthesis of 1,3-dioxolan-4-ones 
 
While Seebach’s work in this field has been extensive others have varied the 
conditions to try and improve the enantiomeric excess.  One group chose to change 
the reaction solvent from pentane to dichloromethane for the formation of (R)-14.  
The conversion from the starting acid, (R)-2-aminobutanoic acid, 15 to (R)-14 was 
quite low yielding at 25% over 2 steps; the yield of each step was not given.3 Under 
conventional conditions (R)-14 is obtained in 63% yield from 16 after two  
recrystallisations and the corresponding (2S,5S)-diastereomer can also be produced 
form the (S)-2-aminobutanoic acid in 58% yield.4 
Me OH
O
NH2
NaNO2, H2SO4
0 oC, 15 mins
then
RT for 14 hrs
Me OH
O
OH
ButCHO, p-TsOH,
cat. H2SO4, CH2Cl2
Dean- Stark apparatus,
reflux, 6hrs
O
O
O
But
Me
(R)-1416(R)-15  
In 1991, Greiner and coworkers aimed to examine the reaction of certain aldehyde 
acetals with lactic acid under weak acid catalysis.5  This followed from their study on 
the reaction of lactic acid with ketone acetals. They took as the control experiment the 
original lactic acid and pivalaldehyde reaction with p-toluenesulfonic acid and altered 
the conditions such as the solvent and catalyst, pyridinium p-toluenesulfonate (PPTS) 
used.  Results are shown below.5 
  4 
HO CO2H
MeH
O
O
ButH
H
Me O
O
O
But
H
Me O
H
Cis Trans
Reaction Conditions
TsOH, pivalaldehyde, pentane, reflux Cis:Trans = 83 : 17
PPTS, pivalaldehyde, cyclohexane/ ethyl acetate, reflux Cis:Trans = 83 : 17
PPTS, pivalaldehyde dimethylacetal, cyclohexane/ethyl acetate, reflux Cis:T rans = 97 : 3
5a
9a 9b
 
 
As can be seen by the differences in the cis/trans ratios, their new approach was 
successful.  However, the synthesis of the dioxolanones by this method takes about 
thirty six hours compared to the conventional method which can be performed in 
twenty four hours, therefore it is less time and energy efficient.  They also replaced 
pivalaldehyde with its dimethyl acetal and varied the R groups.5  Although a number 
of variations are given in the paper, only four examples have been chosen to illustrate 
this method, as shown below. 
HO CO2H
R1H
O
O
R2H
H
R1 O
O
O
R2
H
R1 O
H
+
Cis Trans
+ MeO OMe
R2H
Entry    R1             R2           cis/trans ratio          cis/trans ratio using p-TsOH
 1          Me           But                   97:3                                                83:17
 2          Me           Ph                   70:30                                              70:30
 3          Bn            But                   95:5                                                83:17
 4          Ph            But                  97:3                                                97:3
(S)-1 17
 
As seen here, this method is sometimes successful in increasing the cis/trans ratio, 
however a negligible effect was noted for entries 2 and 4.5 
 Formation of 9 and 10 via an intermediate species 18, from 
trimethoxymethane has also been reported.6 This type of reaction avoids the use of 
volatile pentane, opting for higher boiling cyclohexane and toluene. The reactivity of 
the intermediate species 18 allowed for the desired dioxolanones 9 and 10 to be 
produced in a shorter reaction period using an industrially viable method, in high 
yield and excellent d.e. The lactic acid derived 9 was produced in 71% yield and 96% 
d.e. and the mandelic acid derived 10 was produced in 87% yield and 99% d.e. 
This method has also been used to produce the naphthyl substituted dioxolanones 19 
in 74% yield and >99% d.e.6 Similarly Mase and co-workers, working on the 
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production of the (2R,5R)-enantiomer, 20 employed triisopropyl orthoformate with R-
mandelic acid 21 in toluene to produce the intermediate species 22 which was then 
displaced with pivalaldehyde to give 20. Trituration from n-heptane gave the desired 
product 20 in 92% yield in a 120:1 cis/trans ratio.7 
HO CO2H
R1
O
O
O
R1
OMe
(MeO)3CH/c-Hex
65_80 oC
O
O
O
R2
R1
9, R1 = Me, R2 = But
10, R1 = Ph, R2 = But
19, R1 = Ph, R2 = naphthyl
185a-b
azeotropic removal
of MeOH
HO CO2H
Ph
(PriO)3CH/Toluene
i) or ii)
i) ButCHO, cat. p-TsOH,
ii) 1-naphthaldehyde, cat. CSA,
Toluene or heptane
0_5 oC , 9 and 19
20_25 oC, 10
O
O
O
Ph
OPri
ButCHO, p-TsOH
Toluene, 25_28 oC24 oC
O
O
O
But
Ph
202221
azeotropic removal
of PriOH  
Enol esters have also been used to synthesise dioxolanones by reaction of α-
hydroxy acids with terminal alkynes.  A ruthenium catalyst that allows the addition of 
functionalised carboxylic acids was used.  The reaction conditions are not as mild as 
the ones used by Seebach and involve heating the acid (R)-1 and the terminal alkyne 
23 with the catalyst precursor, [{Ru(μ-O2CH)(CO)2(PPh3)}2], at 100 oC for 10 hours 
under N2 in THF.  During this process the enol ester 24 is formed first and then 
cyclised to yield the dioxolanone 25. As can be seen below the d.e. achieved for the 
dioxolanones is not as high as above and this is due to steric hindrance at C-2 and the 
small difference in size of the R2 groups relative to Me, however these compounds 
were produced in high yield (80-89%) which would not be achievable under 
conventional conditions. Variations on the ruthenium catalyst were also employed 
also giving high yields, and in some cases higher diastereoselectivity than shown 
below.8  The use of various transition metal catalysts in acetalisation reactions is not a 
new concept, palladium catalysts have been successfully employed by Venanzi and 
co-worker,9 who obtained 10 in >99 diastereoselectivity (by G.C.) and in 85% 
isolated yield. 
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OH
OHH
R1
O
R2
(R)-1 23
+
O
OHH
R1
O
R2 O O
24
R2
Me
O
H
R1
25a, R1 = Ph, R2 = Bun, 80 % d.e. 
25b, R1 = Ph, R2 = Ph, 50 % d.e.
25c, R1 = Me, R2 = Ph, 80 % d.e.
25d, R1 = Me, R2 = Bun, 80 % d.e.  
 
Similarly, bismuth nitrate has been used in the catalytic protection of carbonyl 
compounds and can be used in the formation of dioxolanones 26 from the α-hydroxy 
acids 27 and the aldehydes 28.  A wide variety of dioxolanones were reported 
however comparison of d.e. of dioxolanones 9 and 10 showed the cis/trans ratios 
obtained by this method are less than produced by Seebach’s method, but the yields 
were marginally increased.10 
O
R1 H
+
HO CO2H
R2H Bi(NO3)3, (0.1 mol%)
THF
O
O
R1
H
O
R2
262728  
Copper(II) triflate catalysed cycloisomerisation of α-methallyloxy carboxylic acids 
29a-f to form the unusual C-2 isopropyl substituted dioxolanones 30a-f was achieved 
in good yield but with only moderate stereoselectivity.11 
OH
O
O
Me
R1
Cu(OTf)2 5 mol% O
O
O
R1
29a, R1 = Ph
29b, R1 = H
29c, R1 = Me
29d, R1 = Et
29e, R1 = Bu
29f, R1 = C12H25
30a, R1 = Ph, 69%,       58:42
30b, R1 = H, 65%,            -
30c, R1 = Me, 70%,      71:29
30d, R1 = Et, 70%,        68:32
30e, R1 = Bu, 64%,       67:33
30f, R1 = C12H25, 62%, 67:33
cis/trans
 
 
Preparation of a variety of dioxolanones was also achieved by Ferrett and coworkers12 
using a conventional domestic microwave oven.  The reactions were catalysed using 
CuSO4 and were performed under solvent free conditions.12 The cis/trans ratio 
however was still less than achieved by Seebach. The best ratios were achieved for 
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the reaction between mandelic acid (racemic or (S)) and pivalaldehyde giving a 
cis/trans ratio of 5.6 and 6.1:1 respectively while the conventional reaction produced 
a ratio of 20:1.12 
Interestingly, in a paper by Hünig and coworkers,13 various methods of dioxolanone 
synthesis were studied to examine the stereoselectivity of the reaction. They 
compared the conventional method of preparation of dioxolanones, i.e. with p-
toluenesulfonic acid as the catalyst (method A) with two other methods.  The first was 
the reaction between a bis-silyl α-hydroxy acid and an aldehyde in the presence of 
catalytic trimethylsilyl triflate in CH2Cl2 at -78 oC, to generate the dioxolanone 
(method B).  The second method involves the reaction of the α-hydroxy acid with the 
required acetal in benzene in the absence of a catalyst as mentioned previously 
(method C) to give products 32.  Table 1 below illustrates the comparison between 
the different methods.13 
R
1
O COOR
1
PhH
R
2
-CHO
O
O
O
O
O O
PhH
H HR
2
Ph H
R
2
R1                                R2                      Method used             % yield                cis:trans
31
H                         Me                            A                          52                       60:40
H                         Me
 
                           C                          98                       80:20 
SiMe3                  Bu
t 
                           B                          90                       80:20 
H                         Ph                            A                           80                       50:50    
H                         Ph                            C                           96                       90:10     
H                         Et                             A                           78                       60:40   
SiMe3                  Et                             B                           90                       85:15
32-cis 32-transTable 1
 
 
As can be seen from the above table, the use of the acetal (method C) gives higher 
yields and higher cis/trans ratio than the conventional method. Similar studies had 
been carried out by Hoye and co-workers using trimethylsilyl α-
(trimethylsilyloxy)acetate derivatives such as 33 formed by one of two methods from 
α-hydroxy acids and hexamethyldisilazane. The temperature was varied and, while in 
the majority of cases (R1 = Me, Ph) the cis/trans ratio was similar to that achieved by 
conventional methods, the interesting exception is shown below.14 
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OSiMe3
O
OSiMe3
R1
33
R1 = CH2CO2SiMe3
O
O
O
But
CO2H
Me3SiOTf
ButCHO
13
T(oC) Yield cis/trans
0 70 4:1
-25 78 >100:1
 
Greiner and co-workers also examined reactions of this type for the preparation of the 
opposite diastereomers, the (2R,5R)- and the (2S,5S)-2,5-dialkyl-1,3-dioxolan-4-ones 
using various solvents and catalysts.15,16 Roush and coworkers were also active in the 
preparation of the (2R,5R)-2,5-dialkyl-1,3-dioxolan-4-ones from 2-hydroxy-3-
phenylthiopropionic acid.17 
Another preparation which is in the early stages of development is the use of 
an iodine catalysed reaction of an aldehyde or ketone and the α-hydroxy acid.  The 
yields are quite high for the different acids used ranging from 30% for β-tetralone to 
90% for butanal, propanal and cyclohexanone plus others.  As this method of 
production is still not optimised, the yields are for the racemic products.  A small 
number of dioxolanones were produced diastereoselectively; for example the reaction 
of pivalaldehyde and mandelic acid gave 10 in a yield of 90% with a cis/trans ratio of 
89:11.  Although the yield was higher there was a decrease from the 20:1 cis/trans 
value of Seebach’s method.  The reaction of pivalaldehyde and lactic acid gave 9 in a 
yield of 85% and a cis/trans ratio of 5.2:1, this was a lower yield but a slightly higher 
cis:trans value than that attained by Seebach of 4:1.18 
O
HR1
+ I2 (5 mol%)
THF
O
O
O
HR
1
R2
28
HO CO2H
27 26
R2H
 
 
Although Seebach has illustrated that the group which gives the greatest selectivity at 
the temporary centre is the But group, some have used the cheaper and more readily 
available acetaldehyde to produce the dioxolanones required. Alternative aldehydes 
are used in most cases if the stereochemistry of the initial centre upon alkylation is not 
important or deprotonation of the centre is not required as in the following examples. 
Krysan found that by using acetaldehyde as the aldehyde and heptane or benzene as 
the solvent, yields of 85–95% could be obtained for a number of dioxolanones.19 
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Franck and co-worker used benzaldehyde to provide the temporary centre in their 
study of the cleavage and activation of benzylidene lactones. Treatment of the 
dioxolanone with NBS results in ring cleavage between the 3 and 4 positions as in the 
conversion of 34 to 35.20 A similar case is the reduction of dioxolanones using 
DIBAL-H as in 36 to give 37.19 
O O Br O Ph
OO
OPh
R1 R
1
H
R2 R
2
NBS
34a R
1
= R
2
= H
34b R1 = H, R2 = Me
34c R1 = R2 = Me
35a R
1
= R
2
= H
35b R1 = H, R2 = Me
35c R1 = R2 = Me  
OO
Me
OR1 H
DIBAL-H, -78 oC
C7H16 or CH2Cl2
OO
Me
H OH
36 37
R1= But, Bn, Ph, Cy
R1
 
Greiner and co-workers have synthesised 1,3-dioxolan-4-ones with substituted phenyl 
rings in the C-2 position such as 38.  Interestingly they also produced a variety of 
sterically hindered 2,2-disubstitued-1,3-dioxolan-4-ones for example 2-t-butyl-5-
methyl-2-phenyl-1,3-dioxolan-4-one 39 with a high selectivity and also the 2,5-
dimethyl-2-naphthyl-1,3-dioxolan-4-one 40 with a reasonable cis:trans ratio (1:4).  
The properties of these dioxolanones will be discussed in a later section.15,16,21 
OO
Ph
t
Bu
H
39
O
OO
H
H O
Cl
Cl
OO
Me
H O
38 40
Me MeMe
 
 
3 Dioxolanones with an alkenyl group and associated compounds 
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The prevalence in the literature of 1,3-dioxolan-4-ones with an alkenyl group 
at the C-5 position cannot be overlooked as these relatively easily produced 
compounds provide access to a wide variety of reactions and functionalities.  The 
synthesis of allyl compounds is relatively simple: it requires the dioxolanones, in this 
case 9 and 41, to be deprotonated, typically with LDA, and then treated with allyl 
bromide to yield the products 42.  The yields for these reactions are quite high, 
typically between 74–85%.4,22,23 The racemic compounds, 43, were also formed from 
44 with R1 = Ph and C6H4-X where X=Cl, Br, F, OCH3.24 
O
O
OR
1H
But H
O
O
OR
1
But H
1) LDA, THF
Br2)
42a, R1 = Me,22, 23
42b, R1 = CH2CH3,
4, 22
9, R1 = Me
41, R1 = CH2CH3
O
O
Me
Me
O
R1
44a, R1 = Ph
44b, R1 = C6H4-X,
X= Cl, Br, F, OCH3
1) LDA, THF
Br2)
O
O
Me
Me
O
R1
43a, R1 = Ph
43b, R1 = C6H4-X,
X= Cl, Br, F, OCH3  
In a number of cases the dioxolanone serves as an easy route to produce useful 
chiral products and the dioxolanone 42b can be treated with DIBAL-H to give 45.  
Acid liberation of the aldehyde followed by addition of ethylene glycol breaks the 
dioxolanone and in the process produces 46 with the aldehyde protected.4 The 
corresponding reaction can also be performed with 42a.22 
OO
O
Bu
t
H
OO
Bu
t
H
OH
HOCH2CH2OH
p-TsOH, CHCl3
reflux, Dean-Stark
30 mins
THF, -20
o
C
20hrs,
then treated with
1% H2SO4 solution
O O
OH
42b 45 46
DIBAL-H
 
A method for the formation of vinyl dioxolanones is the reaction of the (R)-2-
hydroxy-3-enoic acids 47a-c with formaldehyde to form the dioxolanone derivatives 
48a-c.  In this case no yield was given, so the efficiency of this reaction cannot be 
gauged.25 
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R1
CO2H
HHO
OO
O
R1
paraformaldehyde
p-TsOH, Benzene,
reflux, Dean-Stark,
5 hrs.
47a, R1 = Ph, R2 = H
47b, R1 = Me, R2 = H
47c, R1 = Ph, R2 = Me
48a, R1 = Ph, R2 = H
48b, R1 = Me, R2 = H
48c, R1 = Ph, R2 = Me
H
R2
R2
H H
 
 
Another synthesis using an alkenyl dioxolanone involves alkylation with 2,3-
dibromopropene. Its reaction with the anion from 9 gives 49 which can be converted 
to the methylene dioxolane 50.  This dioxolanone is then converted on reaction with 
pentynylcopper to give 51, which is directly followed by the second addition reaction 
with 52 to form 53. This reaction was involved in the synthesis of (+)- Eremantholide 
A 54 which required the unusual conversion outlined above.26  
O
O
O
But
Me
9
O
O
O
But
O
O
But
Me
Br
O
O
But
Me
Z 50 Z = Br
51 Z = CuC C-C3H7
-Li+
49
Me
O
O
OBn
H
a b d
53
52
OO
OBn
Reagents: a) LDA ( 1.2 equiv), THF, -78oC, 3 h, then CH2=C(Br)CH2Br (2.5 equiv),
dropwise, -78....-70 oC, 18 hrs; b) Cp2TiCl2-AlMe3 (3 equiv), THF-PhMe, 0- 25
oC,
4 hrs then 25 oC, 10 hrs; c) ButLi (2 equiv), Et2O, -78
oC, ~1.5 h, then added to
CuC C-C3H7 (1 equiv), HMPT (1 equiv);d) Et2O, -40
oC, 30 mins followed by 52 (1 equiv,
Et2O, -40
oC, 2hrs, then pH 10 NH4Cl-NH4OH, -40....-25
oC, 1 h.
c
 
O O
Me
O OH
O
HH
H
Me
O
Me
54  
 
It is important to note at this point that although in the above cases there is no 
transformation of the allyl double bond, if required it is easily converted to other 
functionalities such as aldehyde 55 or epoxide 56.27 
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O
O
ButMe
O
O
O
ButMe
O
O
O
ButMe
O
OHC
O
55
56
42a
a
b
Reagents and Conditions; a) MCPBA, NaHCO3 in CHCl3, 63%;
b)OsO4-NaIO4 in THF-H2O, 36%  
 
The presence of a carboxylic acid group as well as an allyl group is also 
possible as in 57.  This is an interesting compound because the presence of the dual 
functionality means a wide variety of reactions can be performed to furnish many 
compounds that otherwise would be synthetically challenging. However, the 
sensitivity of the acid group must be taken into account and the employment of a 
protecting group strategy would probably be necessary in order to facilitate further 
functionalisation.28 A similar reaction with various other allyl bromides has also been 
reported: interestingly in the presence of two equivalents of LDA, the reaction of 
dimethylallyl bromide and 58 gave 61 however if LiHMDS is used this side reaction 
does not occur.29 
HO2C
CO2H
OHH
O
O
O
But
HO2C
O
O
O
But
HO2C
H+, pivalaldehyde 1. LiHMDS
2. CH2=CHCH2Br
138 57
O
O
O
But
H
R1O2C
R3
R4
Br
O
O
O
But
HO2C
O
O
O
But
HR4
R3
O
O
MeMe
6158, R1 = H
59, R1 = Me
R2
R2
R
2
R
3
R
4
60a, H Me Me (82%)
60b, H Pri H (80%)
60c, Me H H (78%)
60d, H Me Me (80%)
LiHMDS (2 eq)
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A further example involving an alkenyl group is the formation of 62 which is 
used in the synthesis of (+)-Leinamycin, 63.  As can be seen below, the reaction of 3-
ethoxycyclohex-2-en-1-one 64 with 9 gives 62.  Then a 3 step reaction is performed 
to give 65. This is then ring-opened to form 66.  Futher functionalisation of the 
opened product eventually gives 67 which is then treated with p-TolSO2Me and n-
BuLi followed by Al(Hg) to give the methylated ketone 68.30 
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OO
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t
Me
a OO
O
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Me
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b c
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O
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Me
R1O2C
R
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=CH2CH2CO2Me
HO2C
9 62 65
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N
H
O
N
SMe
O O
But
O
Me OMPM
OMPM
Me
N
H
O
N
SMe
Me OMPM
OMPM
Me
O
OHMe
67
68
d
Reagents and condi tions: a) LDA, 64,-78
o
C, then 3 N HCl , 23
o
C, 1hr (69%); b) TMSOTf, Et3N, E t2O, 0
o
C,
10 m ins; m-CPBA , NaHCO3, CH2Cl2/H2O, 0
o
C, 20 mins ; 3 N HCl , THF, 23
o
C, 15 m ins ( 91%, three-step);
c) H5IO 6, THF, 23
o
C, 1.5 hr; 2,4,6-tric hlorobenzoyl c hloride, E t3N, THF, 23
o
C, 2 hr s, then HO(CH2)2Me,
DMAP, 23
o
C, 1 hr ( 59%, 2 s tep (2nd lowes t y ie ld ing step) ); J ones reagent, acetone, 0
o
C, 10 mins (99%);
d) p -T olSO2Me, n -BuLi, -78
oC - 0 oC, 30 mins (94%); Al (Hg), THF/H2O, 23
oC, 40 m ins (95%).
O
O
64
 
 
A similar reaction studied by Mase7 and co-workers was that of  cyclopentanone with 
20 to give 69 via a three-step synthesis using both the ligand 70 and its corresponding 
zinc chloride adduct. The use of various other Lewis acids/ligands were also 
discussed in the optimisation of this reaction.7 Previously this group had published a 
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number of papers using the conventional method (i.e. LDA) to produce 69, however 
the d.r. was almost 1:1 with the (2R,5R,3'S)-diastereomer, 71 and yields obtained was 
31% for 71 and 36% for 69. 31 
O
O
O
But
Ph
20
N
NN
LDA, DME
70 (4 equiv.) O
O
OLi
Ph
But
N
Zn
N
N
ClCl
1)
2) Addn. of toluene
0 oC, 1 h
(15 mol%) Homogeneous
reaction
mixture
1) Cool to -78 oC
2)
O
O
O
O
But
Ph
O
69
83% assay yield
74% isolated yield
99% d.e.
O
O
O
But
Ph
O 71
H
H
 
A related substituent to the alkenyl groups is the propynyl (or propargyl) 
group and the propynyldioxolanone was utilised by McPherson in the synthesis of 
(E)-IQNP 72, an imaging agent. The dioxolanone synthesis proceeded via 
deprotonation by LiHMDS followed by addition of propargyl bromide to form both 
the (2S,5S)-2-(t-butyl)-5-phenyl-5-(propyn-3-yl)-1,3,-dioxolan-4-one 73a and the 
(2R,5R) isomer 73b. The reaction produces a reasonable yield of 82% for 10 and 68% 
for 20.32 
O
O
O
But
PhH
1)LiN(Si(CH3)3), -78
oC
2) BrH2C-C CH,
-78 oC, 30 mins
warm to RT over 3 h
O
O
O
But
Ph
(2S,5S)-10
(2R,5R)-20
73a, (stereochem shown)
73b
HO C
HI
H
O
O
N
72
 
 
A longer alkenyl electrophile such as 5-iodo-2-methylpent-2-ene, can also be 
employed as in the case of the synthesis of the difuran sesquiterpene 74. The 
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dioxolanone adduct 75 was employed in the formation of one of the starting materials, 
the oxirane 76.33 
O
O O
Me
Me
74
O
O
But
Me
O
1. LDA (THF), -78 oC
2.
Me
I
Me
O
O
But
OMe
Me
Me
9 75
Me
O
MeMe
76
-78 oC....RT,
20 hrs (71%)
2 steps
Radicals can be also be used for the formation of vinyl dioxolanones,34 this will be 
discussed in  Section B. 
As can be seen from the above section, there are a large number of reactions 
possible for this family of dioxolanones which have yet to be explored, and alkenyl 
functionality could provide a doorway to some interesting compounds.  
 
4 Dioxolanones with carboxylic acid groups at C-5 and reactions 
exploiting their functionality 
 
Dioxolanones with an acid substituent are very prevalent throughout the literature, 
especially in natural product synthesis as would be expected.  The synthesis of such a 
dioxolanone was first published by Seebach and other procedures for formation have 
been discussed above. Seebach’s conditions produced 13 in 67% yield and >98% 
diastereoselectivity on low temperature crystallisation from CH2Cl2 at – 80 oC.  The 
procedure for acetal formation is unusual as the initially obtained product is dissolved 
in CH2Cl2 and then washed with 8% aqueous phosphoric acid.1 
HOOC
COOH
OHH
O
O
O
But
COOH
H+, pivalaldehyde
138
pentane,
95%, 50:1 on acetalisation in pentane,
3:2 on acetalisation in benzene.  
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As stated earlier, a mixture of the cis and trans dioxolanones, 13a/b can also 
be synthesised by using Me3SiOTf and pivalaldehyde with the silylated starting acid 
33.  The cis/trans ratio improves from 4:1 at room temperature to >100:1 at -25 oC.14 
Seebach and co-workers investigated an alternative route to the synthesis an 
acid functionalised dioxolanone from the nitro adduct, (2R,5S,2'S)-2-(t-butyl)-5-
methyl-5-(1'-nitropropan-2'-yl)-1,3-dioxolan-4-one 77, the synthesis of which will be 
discussed in a later section.  Treatment of 77 and (2R,5S)-2-(t-butyl)-5-methyl-5-(1'-
nitroethyl)-1,3-dioxolan-4-one 78 with sodium nitrite and butyl nitrite in DMSO gives 
79 and 80 in good yields of 93% and 70% respectively.35 
O
O
But
O
NO2
R1
Me
77, R1 = Me
78, R1 = H
NaNO2/ C4H9ONO
DMSO/ 16 h, RT
O
O
But
O
COOH
R1
Me
79, R1 = Me ( 93%)
80, R1 = H (70%)  
 
Treatment of the brominated dioxolanone 81 with a slight excess of DBU in 
benzene gives both the decarboxylated dehydrobromination product 82, which was 
desired in this case, and the compound 83 with an acid group attached  (no yield for 
the latter was given).34 
O
O
O
O
O
Bu
t
HO2C
81
Br
O
Bu
t
DBU O
O
O
Bu
t
HO2CHC
+
C6H6
82 83  
 Bromination of 13 by reaction with NBS occurs relatively easily but the 
product 81 is an unstable white solid which decomposes on heating or lengthy 
standing, although it is initially produced in a good yield of 92%.34 
O
O
O
But
NBS, AIBN
CCl4 (dry)
reflux, N2, 3 hrs
HO2C
13
O
O
O
But
HO2C
81
Br
 
 
A number of reactions can be performed involving other substituents at the C-
5 position and subsequent reaction at the acid group.  This is utilised in the synthesis 
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of a variety of anthracyclinone antibiotics as illustrated by the formation of 84 from 
85 which easily cyclises around to form 86 (no yields are given).36 
O
O
O OCH3
OCH3
O
O
O
CO2H
OH
O
OCH3
OCH3
85 84 86
CO2H
Bu
t
Me
Bu
t
Me
O
OH
  
Even under basic conditions, such as treatment with LiHMDS, the acid group 
is unaffected shown in the formation of 87-89.  As can be seen the reactions are 
moderate yielding.  The solvent used in the acetalisation step was benzene rather than 
pentane however, and the higher boiling point of benzene than pivalaldehyde meant 
that the latter had to be added continuously and, as it is reasonably expensive, this is a 
rather uneconomical reaction. Benzene was required in this case as the reaction to 
form 90-92 would not proceed in lower boiling solvents. LiHMDS was used in this 
case rather than LDA as it was found to inhibit side reactions more effectively, though 
it did not improve the yield or selectivity.  Use of s-BuLi/TMEDA caused nearly 
complete decomposition of the starting material.37 
HO2C
CO2H
OH
Ar
93, Ar = Ph, 99%, d.e. 72%
94, Ar = Ar1, 98%, d.e. 96%
95, Ar = Ar2, 99%, d.e. 80%
ButCHO, p-TsOH O
O
But
O
CO2H
Ar
H
90, Ar = Ph, 83%, d.e. 76%
91, Ar = Ar1, 72%, d.e. 96%
92, Ar = Ar2, 73%, d.r. 88:8:4
O
O
Bu
t
O
CO2H
Ar
Ar
87, Ar = Ph, 52%,
88, Ar = Ar1, 70%,
89, Ar =Ar2,48%,
ArCH2Br,
LiHMDS
THF, -78 oC
Ar
1
=
Me
Me
Me Ar
2
=
OMe
Benzene
 
The acid analogue of the nitroalkene adduct 77, compound 96 has also been obtained, 
once again utilising LiHMDS as the base. The yield obtained, 38%, was only slightly 
lower than those achieved for 9 and 10 however the d.e. obtained was 7–8% lower.35 
O
O
O
But
HO2C
O
O
O
But
HO2C
NO2
Me
LiHMDS
O2N
Me
13
96
38% yield
85% d.s.
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The reaction of 2,5-dimethoxybenzyl iodide with 13 produces 97, this reaction 
was investigated in the preparation of one of anthracyclinone class of therapeutic 
drugs.38 
O
O
But
HOOC
O
OMe
OMe
I
13
97 (63%)
1) LDA, -78 oC
2)
O
O
O
But
OMe
OMe
HO2C
 
Parry and co-workers examined isotopically labelled dioxolanones in the synthesis of 
the N-acetylcysteamine ester of (S)-citramalic acid 98. Deprotonation of 13 with 
LiHMDS, followed by reaction with isotopically labelled methyl iodide gave 99. The 
acid group was then converted to the N-acetylcysteamine compound 100, to give 98 
on removal of the temporary centre.39 
O
O
But
H
HOOC
O
1. LiHDMS
2. 13CH3I
O
O
But
*Me
HOOC
O
O
O
But
*Me
O
SCH2CH2NHAc
O
1. Ph2POCl
2. TlSCH2CH2NHAc
AcHNH2CH2CS
COOH
Me*
HO
O
13 99 100
98
( 73%)
(84%)
2N HCl
25oC
 
 
Kneer and coworkers found that, en route to the synthesis of 101, treatment of 13 with 
NBS and AIBN, gave the decarboxylated product 82 rather than the brominated  
intermediates 81 and 102, and thus they protected the carboxyl fuctional group by 
esterification forming 103.40 
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O
O
O
O
O
O
But
Bu
t
1. NBS, AIBN
CCl4, ref lux, 2 h
O
O
O
Bu
t
HO2C
Br
2. NBS, 80
o
C, 2 h
O
O
But
O
HO2C
Br
+
82
-HBr
O
O
O
Bu
t
HO2C
13
81 102 101
CO2H
X
 
O
O
O
O
O O
But Bu
t
EtO2C
1. p-TsOH, H2SO4
pentane,
reflux (Dean-Stark)
2. recrystallisation
from CH2Cl2
HO2C
Et3N, EtBr
Toluene, 100 oC
8 13 103
HOOC
COOH
OHH
 
 
  There is obviously a need to transform the acid group, either to protect it, as 
above, or as part of a synthetic pathway. The synthesis of (R)-(-)-homocitrate 104 
involves the enantiomer of compound 57 which has already been discussed, namely 
105.  If this is converted to a mixed anhydride by heating in AcCl, this can then be 
esterified with MeOH. The alkene transformation is achieved by hydroboration and 
finally reaction with PDC oxidises the primary alcohol to the acid giving 106 in 25% 
yield.41 
O
O
O
But
HO2C
O
O
O
But
HO2C
Reactants and conditions; a) LiHMDS/ THF (2 equiv), -78 oC, allyl bromide; b) AcCl, reflux, 1 h,
MeOH, reflux, 4 h; c) BH3
.SMe2/CH2Cl2, 25
oC, 4 hrs; d) Pyridinium dichromate/ DMF, 25 oC,
16 h; e) 50% trifluoroacetic acid, 95 oC, 2 h; f) 3% NaOH (1 equiv.), 25 oC, 2h.
b,c,da
O
O
O
But
O
MeO
HO O
O-
OH
-O
O
O
O-
O
e, f
107
105
106
104
 
Conversion to the acid chloride is usually achieved by treatment of the acid with 
oxalyl chloride giving 108, and this can be followed by reaction with dimethylamine 
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to give the amide 109 in excellent yield.  Alternatively the acid can be converted to 
the But ester 110 on reaction with DCC and ButOH with an excellent yield of 95%.42 
O
O
O
But
HO2C
O
O
O
But
13
ButO2C
ButOH, DCC, DMAP
cat. TsOH, CH2Cl2
95%
quant. (COCl)2,
cat. DMF, PhMe
O
O
O
But
ClOC
2 equiv. HNMe2
THF
98% (over 2 steps)
O
O
O
But
Me2NOC
109
110
108  
 
The carbonyl group is also easily reduced to the alcohol by careful reaction with 
borane-dimethyl sulfide/THF.  After chromatography the product 111 is obtained in 
quantitative yield.43 
O
O
O
Bu
t
HO2C
O
O
O
Bu
t
HO
13 111
BH3
.
SMe2
THF
 
 
As illustrated, the dioxolanones are resistant to a variety of conditions and can be 
selectively reacted without affecting the free acid group. Thus a number of useful 
transformations can be done selectively if the groups adjacent to the acid or on the 
rest of the compound are sufficiently different. This allows for its use in the wide 
variety of natural product synthesis described above.  
 
5 Mechanistic studies on reactions of dioxolanones  
 
Silyl groups play an important role in mechanistic studies involving dioxolanones.  
For example Blay and coworkers studied the reactions of 9 and 112 with acylsilanes 
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113-116 to form 117-120; the sole product that is produced is the (2S,5S,1'R) 
diastereomer.44 
R2 SiMe3
O
O
O
But
R1
Me
O
LDA/ THF
OO
ButR1
O- Li+Me
R2
Me3Si
O
O
O
But
R1
O
R2
OH
Me3Si Me
+
(2S, 5S) -9,112
113-116
(2S, 5S, 1'R) -117-120
9: R1 = H; 112: R1 = Me; 113: R2 = Me; 114: R2 = C2H5; 115: R
2 = C9H19;116: R
2 = Ph;
117: R1 = H, R2 =Me (49%); 118: R1 = Me, R2 = Me (85%); 119: R1 = Me, R2 = C2H5 (88%);
120: R1 = Me, R2 = C9H19 (81%).
TS A
 
 
The use of acylsilanes is required since in the reaction of enolates and aldehydes there 
are 4 possible orientations of the approach of the aldehyde, ie TS I-TS IV.44,45,46 
Replacing the aldehydes with acylsilanes produced a single diastereomer in moderate 
to good yields (49%-88%).44 This is due to steric bulk making TS I and TS IV 
preferred. 
OO
O
-
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+
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t
H
OO
O
-
Li
+
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t
H
OO
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t
O
-
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+
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O
-
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+
H H
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O
R
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H
O
H
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O
R
1
H
O
H
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Two stereoisomers are formed via TS I (2S,5R,1’S) and TS II (2S,5R,1’R), the other 
two stereoisomers are formed via TS III (2S,5S,1’R) and TS IV (2S,5S,1’S). 
Kinetically TS I and TS II are preferred over TS III and TS IV as the aldehyde 
approaches the enolate from the less hindered enantiotopic face, which bears the 
hydrogen atom. Unfortunately however when this reaction was attempted with 
various aldehydes, a mixture of adducts from TS I, TS II and TS IV were obtained. 
However, it was possible to separate the three diastereoisomers on a preparative 
HPLC column and they could then be converted to the azide and then to the lactam 
127-129 in two steps via the corresponding amine.45 Although in this case access to 
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all three pure adducts was achieved the yield of each adduct was low, less than 30% 
in all cases. 
O
O
O
Me
O
HR2
+
TS I
TS II
TS III
TS IV
X
O
O
OMe
R2
OH
O
O
OMe
R2
OH
O
O
OMe
R2
OH
O
O
OMe
R2
N3
O
O
OMe
R2
N3
O
O
OMe
R2
N3
R1
9, R1 = H
112, R1 = Me
But
But
But
But Bu
t
But
ButR1
R1
R1 R
1
R1
R1
122a,b
123a,b
124a,b
125a,b
126a,b
127a
116: R2 = Ph; 121: R2 = 2-furyl;122a, 123a, 124a, 125a, 126a, 127a: R1 = H, R2 = 2-furyl;
122b, 123b, 124b, 125b, 126b: R1 = Me, R2 = Ph
i) Zn(N3)2.2Py/PPh3/R
3O2C-N=N-CO2R
3 (R3 = Pri, But)
ii) H2O/PPh3; iii) MeMgBr or LiHMDS
116, 121
i)
i)
i)
NH
NH
NH
R2
Me
R2
Me
R2
HO
HO
HO
Me
O
O
O
2 step
ii), iii)
2 step
ii), iii)
2 step
ii), iii)
127
128
129
LDA
THF
 
Scheme 2 
In the reaction of dioxolanones with aldehydes it must be noted that increasing 
the size of the group at the C-5 position increases the selectivity of the reaction since 
one transition state is favoured as illustrated in the reaction of acetaldehyde and the 
valine derived dioxolanone 12.  Of the 4 possible products only 130 (43%) and 131 
(5.2%) are produced.47 
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But
O
12
LDA, -78 oC OO
But
O
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Li+
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O
O
But
O
O
O
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OH
130
131
2S,5R,1S'
2S,5R,1R'
TS I
TS II
TS III
TS IV
X
X
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Similarly introduction of steric bulk at C-2 increases selectivity as illustrated 
by the reaction of acetaldehyde with 132, derived from 39, to give the two 
diastereomers 133 (2R,5S,1'S) and 134 (2R,5R,1'R) in a 37:63 ratio with a yield of 
85%.21 
O
O
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t
O
Me
Me
OH
2R, 5S, 1'S
O
O
But
OMe
HO
2R, 5R, 1'R
O
O
But
O
Me
PhLi, Et2O
-78 oC
39
134
133
Me
O
O
But
O
Me
132
Br
NBS
O
HMe
 
 Similar to above, β-lactams have also been formed by reaction of a dioxolanone with 
an imine and only 2 approach orientations are available.  For formation of Z-135 the 
imine approaches with lk,ul-1,3 topicity; that is both centres have the same sense of 
chirality lk, but have relative configuration ul.  For formation of E-135 the enolate 
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and the imine have a relative ul,ul-1,3 topicity. The formation of the β-lactams in the 
presence of HMPA resulted in variable diastereoselectivities even though the enolates 
from which they are derived possess a clean Z-geometry.  The reason for this is the 
steric and electronic effects which occur when HMPA removes the Li+ ion.  Also the 
N-aryl-C3,C4-disubstituted-β-lactams isomerise relatively easily in the presence of 
HMPA.48,49 The yields for most of the β-lactams are quite reasonable to good with the 
exception of the glyoxylic imine 140 which was not stable in the basic reaction 
conditions.48 If the imine is Boc-protected the dioxolanone adducts can be isolated.50  
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SiMe3
Me3Si
N
SiMe3
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N
SiMe3
O O
R3-O+Li
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R2N=CHR1
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OBu
t
H
O-Li+
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OBu
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O-Li+
R3
N
R2
N
N
O
O
OHR1
OH
R3
R1R3
R4
R4
136-140
(3R,4S)-Z-135
(3R,4R)-E-135
N
Ph
Ph
N
MeO2C
OMe
140
9:R3 = Me,
10:R3 = Ph,
12:R3 = CHMe2,
13:R3 = CHCO2H
136 137 138 139
136, 9, 135a: R1 = R2 = R4 = Ph, R3 = Me; 136, 10, 135b: R1 = R2 = R4 = R3 = Ph; 136, 12,
135c: R1 = R2 = R4 = Ph, R3 = Me2CH; 136, 13, 135d: R
1 = R2 = R4 = Ph, R3 = CH2CO2H;
137, 9, 135e: R1 = 2-furyl, R2 = Me3Si, R
3 = Me, R4 = H; 138, 9, 135f: R1 =Me3Si , R
2
= Me3Si, R
3 = CHMe2, R
4 = H; 138, 12, 135g: R1 = Me3Si , R
2 = SiMe3, R
3 = CHMe2,
R4 = H; 139, 9, 135h: R1 = , R2 = SiMe3, R
3 = Me, R4 = H; 140, 9, 135i: R1 =
CO2Me, R
2 = R4 =C6H4-p-OMe, R
3 = Me.
Ph
O O
O R3
But
LiHMDS,
THF/HMPA 85:15
R1
Scheme 3 
Table 2 
Entry imine enolate  Product 3R,4S-Z / 3R,4R-E 
(yield (%), % e.e.) 
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1 136 9 135a 18:82 (69, 94) 
2 136 10 135b 44:56 (82, 99) 
3 136 12 135c 71:29 (59, 97) 
4 136 13 135d 78:22 (45, 99) 
5 137 9 135e 66:33 (50, 96) 
6 138 9 135f 33:66 (58, 98) 
7 138 12 135g 18:82 (58, 96) 
8 139 9 135h 95:5 (41, 98) 
9 140 9 135i 50:50 (24, 94) 
 
 The related methyl isoserinates 141 have also been reported, and the starting 
material is produced by reaction of 13 with a thienylimine to give 142.50 Deprotection 
with TFA gave the intermediate 143 which eliminated water to give the cyclised spiro 
adduct 144 and the temporary centre was then removed to give 141.50 
O
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O
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O
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O
O
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S
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O
O
OMe
OH
-H2O
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-
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-
142 143
144a
144b
(2R,3R)-141b
(2R,3S)-141a
 
Apart from mechanistic studies of the reactions of dioxolanones, a study was 
performed by Hünig on the dioxolanones themselves to understand their enolates.  
The pKa of the racemic achiral dioxolanone, 2,2-dimethyl-5-phenyl-1,3-dioxolan-4-
one 44a was found to be 22.7.  If you compare this to the pKa of the conjugate acid of 
LDA, the pKa of diisopropylamine is much higher at 35.7.  However the less used 
and slightly more expensive hexamethyldisilazane has a pKa of 25.8. Thus use of the 
milder base would, in theory, facilitate extended enolate lifetime and be higher 
yielding with less decomposition of the starting materials.51 They then investigated the 
effect of various chiral protonating agents on the stereochemistry of the reaction 
following deprotonation with LiHMDS.51 This was followed by a study using the 
chiral dioxolanone (2S)-2-methyl-5-phenyl-1,3-dixolan-4-one 145. The cis/trans 
ratios following deprotonation with LiHMDS and then reprotonating with various 
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reagents such as H2O, D2O, 2,4,6-Me3C6H2OH and camphorsulfonic acid were 
reported.13 
This was followed by examination of the metal and various Lewis acids and other 
complexing agents which were tested by deprotonation of the anion, addition of the 
Lewis acid at -78 oC followed by warming up to 0 oC and then cooling to -78 oC and 
protonation of the complexes with diethyl malonate. Results are shown in the table 
below.13 
O
O
O
Me
H
Ph
1) LiHDMS
2) Addition of the acid
3) diethyl malonate/ -78 oC
cis / trans
cis / trans
145
 
     Table 3 
No Lewis Acid Equiv cis/trans  Yield 
% 
1 - -  86 : 14 >98 
2 MgBr2.Et2O 2 78 : 22 95 
3 ZnCl2 2 77 : 23 45 
4 ClAl(Et)2 2 94 : 6 81 
5 Ti(O-Pri)4 2 89 : 11 85 
6 BPh3 2 90 : 10 >98 
7 TMEDA 4 90 : 10 100 
 
As can be seen from Table 3, Mg, B, Al and Ti all give better selectivity that Li, 
TMEDA gives a 100% yield by removing the Li+ to give the free O−.  
The influence of ring strain on reactivity was studied in 1992 by Seebach by 
investigating the conformation of the dioxolanone prior to deprotonation. It was found 
that (2R,5R)-20 adopted an envelope-like form with O-1 out of plane even with a 
bulky group at the C-2 position.52 
 
6 Reactions of dioxolanones with common electrophiles 
 
The most common electrophiles such as the small alkyl halides i.e. MeI,1,39,53 and EtI54 
have been used throughout this field of research.  However, the reactions of 
dioxolanones with other electrophiles include the following benzyl and aryl halides; 
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2,4,6-Me3-C6H2CH2Br (70%) and 3-MeO-C6H4CH2Br (48%),37 4-NO2C6H4F (85%), 2-
NO2C6H4F (37%), 3-Me-4-NO2C6H3F (82%), 3-MeO-4-NO2C6H3F (75%), 3-CF3-4-
NO2C6H3F (75%), 2-MEMOCH2-4-NO2C6H3F (80%), 2-Cl-4-NO2C6H3F (66%), 2,4-
(NO2)2C6H3F (90%),  2-CN-4-NO2C6H3F (94%), 2-NO2-4-CF3C6H3F (88%), 2-NO2-5-
MeOC6H3F (66%), 2-NO2-4-CF3C6H3F (80%), 2-NO2-4-MeO2CC6H3F (77%) and 2-
NO2-4-NH(Me)COC6H3F (60%).  Addition of the fluoronitrobenzenes proceed with 
good yields as can be seen here however it must be noted these yields are produced 
only in the presence of HMPA.55,56  The long and branched alkyl halides; n-C5H11I 
(75%), i-C3H7I (65%), c-C6H11I (95%), MeO2C(CH2)3I (65%), HO(CH2)3I (45%), 
HO(CH2)12I (57%), have been successfully added to the methylene dioxolanone 82 
using the ultrasound technique.57,58 
Using radical reactions in the presence of tributylstannane, PhCH2I, PhCH2CH2I and 
c-C6H13I can be added to the methylene dioxolanone 82.  The reactions are shown to 
be moderately selective but they are very low yielding (< 35%).34 Reactions involving 
the methylene dioxolanone 82 will be discussed at length in the next section. The long 
chain branched alkenes such as 146 have also been added in good yield (71%) to the 
dioxolanone 933 and the more unusual Boc protected serine derivative 147 was added 
to 82 in 74% yield and 84% de.58 The benzyl iodide 148 has been added to the 
carboxyl dioxolanone 13 with a good yield of 63%.38 The protected ketone 149 has 
been added to 9 in 88% yield, en route to the synthesis of (R)-(+)-Frontalin.59  
.  
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The reaction of various o-nitrobenzyl bromides with 10 has also been 
reported. Treatment of the resulting adducts 150 with zinc and HCl in aqueous 
ethanol gave the corresponding 3,4-dihydroquinolin-2(1H)-ones 151 in good to 
excellent yields.60 
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The reaction with alkyl dihalides such as chloroiodomethane also can be 
useful as it allows for easy coupling reactions to occur if required.61 More 
functionalised alkyl halides will be discussed further in this section. 
There are a myriad of other functional groups which react readily with the 
dioxolanones.  The most common of these are the aldehydes.1,21,44,45,46,47 As these are 
cheap and widely available and there are well known rules to their behaviour on 
reaction with enolates, they have been used extensively for mechanistic studies as 
discussed in section 5.44,45,46  
The main reason their use is so prevalent in the literature, apart from the 
economical cost, is due to the extra stability of the products because of hydrogen 
bonding.  There are two ways that the H-bonding could occur.  The first is the 
formation of a six membered ring structure (A and B) and these were presumed to be 
the main conformers the compound formed.  However, there is an alternative, the 
formation of a five membered ring (A' and B').  The NMR spectral analysis of the 
products can be used to determine what conformer is predominantly formed as 
formation of the five membered ring chelate causes shielding of the cis-alkyl groups.  
This was observed in the 1H and the 13C NMR spectra therefore A' and B' are now 
believed to be the correct orientation of the products.46 The selectivity or lack of 
selectivity of this reaction is discussed in an earlier section. 
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Seebach and coworkers have also studied the reaction with aldehydes and it is 
upon these studies the above reactions are based.  The selectivity for this class of 
reaction is much higher in this paper.  For the reaction of 9 with acetaldehyde 152 the 
yield was 84% and the d.s. was 82%.1 For the Battaglia and coworkers paper, they 
achieved the opposite major isomer with a yield of 72% but a d.s. of only 45%.  A 
similar result is obtained for the reactions with propionaldehyde 153, benzaldehyde 
154 and acetophenone 155 and the same major isomer is achieved for the reaction 
with pivalaldehyde 156.  These comparisons can be seen in Table 4.  The results 
obtained by Seebach are shown in parenthesis.1,46 
There is obviously a large difference between the two sets of results, these 
could be due to any number of factors such as differing purification techniques and 
technological advances.   
 
Table 4 
Entry Aldehyde Product 2S,5S,1'S 2S,5R,1'R 2S,5R,1'S Yield 
1 152 157 22 45 (18) 33 (82) 72 (84) 
2 153 158 23 44 (15) 32 (85) 69 (80) 
3 154 159 15 59 (16) 26 (84) 81 (85) 
4 155 160 - 90 (7) 10 (93) 67 (81) 
5 156 161 - 46 (47) 54 (53) 83(83) 
 
Reactions with other more functionalised alkyl halides are also common.  The 
most prominent of which is allyl bromide.1,4,22,23,24,27,28,41 These have been discussed 
extensively in Section 3 so will not be discussed in depth here other than to say that 
they are usually very high yielding with excellent selectivity.  Another less common 
but related electrophile is 2,3-dibromopropene.  This gives interesting products when 
reacted with a dioxolanone as it has the added benefit of the remaining Br which can 
then be used in coupling reactions.26   
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Reagents: a) LDA ( 1.2 equiv), THF, -78 oC, 3 h,
then CH2=C(Br)CH2Br (2.5 equiv),dropwise,
-78....-70 oC, 18 hrs;  
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As stated previously the dioxolanones can be reacted with cyclopentenone7,31 
ethoxycyclohexenone30 and cyclohexenone. 62 All gave good yields 89%, 69% and the 
excellent yield of 91% respectively, with poor to moderate selectivity in the case of 
the cyclopentenone while 94% e.e was achieved for the cyclohexenone after a low 
temperature quench and workup with water and potassium bicarbonate solution.  For 
addition of cyclopentenone there is only a slight preference for the new centre to be of 
S configuration over R, 1.2:1. In the presence of any Lewis acid which in the majority 
of cases when employed, will result in an inversion of configuration with R becoming 
the dominant centre .7,31 
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 In the case of ethoxycyclohexenone there is only one possible product for this 
reaction so it proceeds in good yield under reasonably normal conditions.30 
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The reaction of 10 with cyclohexanone to form 162 was achieved in good 
yield.  However, the use of a low temperature quench with either HCl or acetic acid 
proved key in the reaction in order to achieve a high yield and a high 
diastereoselectivity: if the reaction temperature was allowed to rise above -40 oC, 
decomposition of the reaction mixture began to occur and the diastereomeric ratio 
was lowered.  Switching the solvent to heptane during the crystallisation stage gave 
the excellent yield of 91% and a 96% e.e.62 
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Another way in which to add an alkyl group is by using radicals.  Addition of 
methyl acrylate to various dioxolanone radicals, will be discussed in the next 
section.63,64 
 
An area that has been extensively studied recently and is not new is the 
nitroalkenes. Their use in the addition to lithium enolates had been discussed by 
Seebach nine years before his landmark paper on dioxolanones was published.65 
However he first applied them to dioxolanones in 1985, when he reacted the 
dioxolanones 9, 10 and 13 with nitropropene or nitrostyrene. The yields achieved 
were poor to moderate but the diastereoselectivity was good in most cases.35 
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This type of chemistry was then expanded by Blay and coworkers where the 
range of nitrostyrenes was extended to include substituted nitrostyrenes and HMPA 
was added to the reaction mixture to improve selectivity. Treatment of the adducts 
with HCl and zinc produced the corresponding γ-lactams.66 
Table 5 
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Entry Nitroalkene Product Yield% cis/trans 
ratio 
1 Nitrostyrene 165a + 166a 70 85:15 
2 p-Methoxynitrostyrene 165b + 166b 79 90:10 
3 3,4-Dimethoxynitrostyrene 165c + 166c 96 87:13 
4 2,4-Dimethoxynitrostyrene 165d + 166d 94 85:15 
5 4-Hydroxy-3-methoxynitrostyrene 165e + 166e 79 85:15 
6 p-Bromonitrostyrene 165f +  166f 43 84:16 
7 p-Trifluoromethoxynitrostyrene 165g + 166g 39 80:20 
8 p-Trifluoromethylnitrostyrene 165h + 166h 16 93:07 
 
O
O
Ph
But
1)
2) LDA
Ar
NO2
(S)O
Ph
(S)
NO2
O Ar
(S)
OH
But
10 165 166
a Ar = Ph; b Ar = 4-MeO-C6H4; c Ar = 3,4-(MeO)2-C6H3; d Ar = 2,4-(MeO)2-C6H3;
e Ar = 4-OH-3-MeO-C6H3; f Ar = 4-Br-C6H4; g Ar = 4-CF3O-C6H4; h Ar = 4-CF3-C6H4.
(S)O
Ph
(R)
NO2
O HAr
(S)
OH
But
O
+
H
 
As can be seen from the Table the selectivity of these reactions is reasonably 
good in most cases.  
The addition of a large number of substituted nitrostyrenes and nitroalkenes to 
the achiral dioxolanone 167 in the presence of a bifunctional catalyst 168 have 
recently been reported. The yields obtained are highly solvent dependent with an 
increase of yield of up to 26% in some cases. Diastereomeric excesses of 93–98% and 
enantiomeric excesses of 60–89% were obtained.67 
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There are two other related groups to the nitroalkenes, the α,β-unsaturated 
ketones and the enediones, both also studied within the Blay group.  In the case of the 
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α,β-unsaturated ketones or α,β-enones both the yields and the selectivities for the 
reactions are poor to moderate.  Addition of three equivalents of HMPA to the 
reaction increases the yields of products 170/171 up to >75% and the selectivities 
drastically to >97%.  However the high toxicity of this reagent makes it undesirable 
for use.68 
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Me Et 170a-171a 60 (85) 30:70 (100:0)
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The variety of R groups was later extended to include Pri, pentyl, p-ClC6H4, 
and p-MeOC6H4 which produced adducts in high yields (73–93%) and with 
diastereoselectivity >88% d.e.69 The reaction with ethyl crotonate has also been 
studied as will be discussed in a later section.70 
The trans-1,2-dibenzoylethenes on the other hand give much better selectivity 
when reacted with LDA in a mixed solvent of heptane/THF/ethylbenzene.71 
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Table 6 
Ar Yield 
% 
d.r. of 
172 
4-Tolyl 90 83 : 17 
Phenyl 97 74 : 26 
3,4-Dimethoxyphenyl 95 84 : 16 
4-Methoxyphenyl 80 90 : 10 
4-Fluorophenyl 91 71 : 29 
4-Chlorophenyl 63 67 : 33 
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Higher selectivities are achieved especially in the presence of electron 
withdrawing groups. The product 172 can be cyclised easily to produce a 2,5-
diarylfuran substituent.68 
 
 
 
7 Reactions of dioxolanones with less common electrophiles 
 
This section includes all unusual groups that are not specific in the synthesis 
of a drug or natural product, but can be used in a wide variety of synthetic procedures.  
Each of the following species have only appeared in one paper and thus there is scope 
for development in the manipulation of the different groups and thus the formation of 
a variety of interesting compounds.  
The first compounds of interest are the imines which were studied in 1997 by 
Barbaro and coworkers as mentioned in an earlier section.  Initial studies concentrated 
on using an imine substituted at both ends by a phenyl group to examine the ease of 
reaction with dioxolanones.49 This area was expanded to include a wide variety of 
dioxolanones and imines. There are other unusual imines mentioned but not examined 
in detail in this paper,such phenyl isothiocyanate 173, which was reported to react 
with 10 to give (2S,5R)-174 in 75% yield but the d.e was not reported.47 
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The reaction of the sugar-containing imines 175 with 10 and 122 has also been 
reported and, similar to the conventional Boc protected imines, the dioxolanone 
adducts  176a, b have been  isolated in high yield and high diastereomeric ratio.72 
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Another unusual example that can offer some interesting products is the aldol 
reaction of 177 with the lactone 178 to give the adduct 179 as a single diastereomer in 
76% yield. Two equivalents of 178 were needed to afford the maximum yield.73 
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 Although the lactone 178 is used as part of a polypeptide synthesis it 
represents an interesting class of compounds that could be further studied.  Its 
synthesis unfortunately is a 5 step one which doesn’t make it the most attractive 
compound to use.  However the selectivity of the reaction and the high yield does 
make it worthwhile. 
 
8 Other applications 
As well as the various applications in natural product synthesis, referred to in 
previous sections, dioxolanones have also been used in the synthesis of various 
polyoxypeptins,74 (+)-crobatbatic acid,75 okadaic acid,76 (+)-wikstromol,77 (+)-20-
deoxycamptothecin and (+)-camptothecin,78 and in the synthesis of the 
myxocirescins.79 The achiral dioxolanones have also been reported as electrolytes for 
lithium batteries.80  
This area of chemistry, though in development for the past twenty years, is still 
producing novel and exciting species particularly in the area of natural product 
synthesis. The ring's stability and tolerance of a wide variety of reaction conditions 
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has made it a useful tool in the synthesis of a large number of enantiomerically 
pure/rich compounds.  
 
B Formation and uses of (S)-2-t-butyl-5-methylene-1,3-dioxolan-
4-one and associated structures 
1 Preparation 
Following the 1984 landmark paper by Seebach on the self regeneration of 
stereocentres,1 which followed some earlier communications,81,59 work continued on 
using simple and readily available α-amino and α-hydroxy acids to produce 
enantiomerically pure chiral precursors for the synthesis of natural products. This led 
them to investigate the electrophilic and radical reactivity of various cyclic acetals 
including (2S,5S)-2-t-butyl-5-methyl-1,3-dioxolan-4-one 9, derived from (S)-lactic 
acid. They hoped that by treatment with N-bromosuccinimide (NBS), they could 
obtain stable intermediates that could be reacted successfully with nucleophiles. The 
bromination was achieved in good yield under standard conditions, using a radical 
initiator such as azobisisobutyronitrile (AIBN), in CCl4 heated under reflux to give 
180.82 
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This compound is relatively stable, but it slowly decomposes with release of HBr and 
polymerises. Conversion to methylene derivative 82 was easily achieved by treatment 
with 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) in CCl4 resulting in rapid HBr 
elimination. Conversion of 82 back to 9 was easily achieved in high yield and high 
diastereoselctivity by catalytic hydrogenation and this indicated that the 
stereochemical integrity was maintained throughout the reaction and also that the t-
butyl group directed the hydrogen addition of the exomethylene group trans to itself 
as in enolate reactions.82 
  37 
 Due to the high level of selectivity achieved by the presence of the t-butyl 
group, this compound has been employed in a variety of reactions, most commonly C-
C bond forming reactions such as conjugate addition. Studies into the 'captodative' 
effects (a 'captodative alkene' being an alkene which contains an electron donating 
and an electron accepting substituent at the same site, in this case the position of the 
carbon centred radical) of compounds 181-183, which can be produced from 82 or the 
corresponding brominated species, have been performed by Beckwith and co-
workers.34 These experiments have so far been inconclusive in discovering whether 
this effect has any substantial bearing on the reaction, although the relative stability of 
the intermediate radicals suggests some influence. Nevertheless, any small deviations 
from a planar conformation can lessen the importance of the captodative effect 
significantly.83,84 The wide number of additions and various methods of synthesis, 
however, are of interest and merit further investigation. 
 Beckwith and co-workers employed an alternative method of using (S)-malic 
acid to produce (2S,5S)-13 rather than (S)-lactic acid to form 9. The diastereomers of 
13 produced can be readily separated by conventional recrystallisation as the product 
is a solid at room temperature compared to the lactic acid derived product which 
requires a low temperature crystallisation to obtain the desired diastereomer.34,1  
Heating of (2S,5S)-13 above 80 oC causes it to epimerise to form the (2R,5S) or trans 
isomer,34,82 therefore giving easy access to either the (2S)-enantiomer 82 or (2R)-
enantiomer 184. Treatment of either isomer of 13 with NBS followed by DBU was 
accompanied by decarboxylation to give the desired enantiomeric product 82. These 
authors have also employed various other methods such as formation of the Barton 
ester of 13, compound 185, in a route to the preparation of 82. This method however 
requires two additional steps and does not greatly change the selectivity or yield of 
the reaction compared to the conventional method of synthesis.34 
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 Another alternative method of synthesis was reported by Roush and co-
workers for the formation of both 82 and its (R)-enantiomer 184.85 The preparation of 
the cyclohexyl analogues was also reported. The preparation pathway proceeds via 
the α-hydroxy acid (S)-188 derived from L-serine by means of potassium (R)-
glycidate 187 and the chlorinated α-hydroxy acid. Treatment of 188 with the desired 
aldehyde in the presence of boron trifluoride gave the dioxolanone 189. This was in 
turn treated with MCPBA to give the sulfone 190 and then with DBU to give the 
desired products 184 and 186.85 Further variants in the synthesis of 82 include 
treatment of 180 with DBU with heating,86 and a method described in a Japanese 
patent.87 
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The synthesis of 82 and the cyclohexyl analogue 194 has been achieved from ethyl 
glycidate, 191, with direct conversion to (R)-192 followed by reaction with the 
required aldehyde and boron trifluoride as above to give 193. Treatment of 193 with 
MCPBA and triethyl phosphite or DBU gives the desired products 82 and 194.17 Both 
methods require a large number of steps for the same end result and are very time 
consuming in comparison to the usual methods.  
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 As mentioned above, the majority of reactions to date in this field have 
involved conjugate addition, radical addition and particularly methods to control the 
selectivity of the addition. Beckwith and co-workers completed an extensive volume 
of work in the area of radical generation and addition,34 initially involving 180 and its 
reduction with tributylstannane, which allowed the investigation of the 
diastereoselectivity of hydrogen-atom transfer to compound 182. As with bromine-
atom transfer from NBS, hydrogen-atom transfer occurs, as one would expect, 
preferentially on the face of the radical trans to the t-butyl group.34 
Mattay and coworkers also examined the radicals derived from 180 and from the ester 
derivative 195. Both 196 and the alkene 197 can be produced in the usual way from 
the brominated dioxolanone 195. They found that the bromination of 13 resulted in 
too many side products but esterification of the acid resolved this issue.40  
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2 Reactivity of exomethylene dioxolanones 
 
 Following studies on the dioxolanone radicals, a study into the use of 82 and 
its analogues began in earnest. Extending the addition to the radical species described 
above, radical addition to 82 was extensively studied by treatment of radicals 
generated by interaction of alkyl/ allyl iodides with tributylstannane or alkylmercury 
halides with 82 to give addition at the terminal carbon of the alkene. The reactions 
were moderately selective (6-7:1 ratio) and showed the same preference for alkylation 
as above, the yields however were low due to problems in separation from the tin 
compounds and the tendency of 82 to undergo polymerisation under the reaction 
conditions involved.34,88 
 Mattay and co-workers extended this work to the more hindered compound 197 to 
examine the effect of different substituents on stereoselectivity. As both C-atoms of 
the alkene bond are prochiral centres, the addition of various alkyl radicals to 197 
followed by hydrogen abstraction by the tin hydride method can lead to four possible 
products as shown in Scheme 4. They did in fact obtain all four possible 
diastereomers in all cases, generally in the order 198a>198c>198b>198d with 
reasonable yield and good conversion. An exception was the case of R1= Et where a 
and c were produced in equal amounts as were b and d (0.06, relative to a and c). 
Highest selectivity was achieved with R= Me and But but, interestingly, the lowest 
yield and conversion was also achieved for these cases (yields were still reasonable at 
66% and 70–80% conversion). Facial selectivity on addition of alkyl radical to C-6 is 
low as a result of low 1,4-induction, thus there is no control on addition and the 
intermediates can form in approximately equal ratios. Hydrogen abstraction at C-5 
from tributylstannane on the other hand proceeds with high control of stereochemistry 
facilitated by the radical intermediate’s conformation and the steric hindrance caused 
by the t-butyl group, which to some extent blocks hydrogen abstraction from the Si-
face meaning that H abstraction preferentially occurs on the Re face as in a and c. The 
new alkyl group at the adjacent carbon and other effects such as conformation at the 
radical centre also have a bearing on the Re face preference for H abstraction by 
shielding the Si-face.63,64 
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This reaction also produced an interesting side product although in only 1% isolated 
yield: 199 and 200 were formed as by-products in the reaction with t-butyl iodide. 
The radical intermediates combined with the isobutyronitrile radicals generated from 
the radical initiator, AIBN.63 
 Following on from the radical addition to 82, conjugate/Michael addition 
has been studied by Sestelo, Sarandeses and co-workers with a view initially to 
making enantiomerically pure α-amino acids.57 They have used a rather interesting 
method to perform the addition, using ultrasonically induced (single electron transfer) 
zinc-copper conjugate addition. The method of reaction goes first by a single electron 
transfer (SET) from the metal surface to the carbon-halogen bond. This breaks and 
generates an absorbed radical followed by radical 1,4-addition to the α,β-unsaturated 
molecule. This is followed by an additional SET to give an enolate which is in turn 
protonated by the solvent.  
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A variety of test reactions with various alkyl iodides, some containing ester and 
alcohol functions, proved the method to be very selective with the products 201 
formed in 95:5 to 92:8 ratio in favour of the cis isomer. The yields were poor to 
moderate (45–65 %) for the alcohols and esters and moderate to excellent for the 
alkyl groups (65–95 %).57 
This approach has also been applied to the synthesis of natural products such as α-
hydroxy acids, α-amino acids and vitamin D analogues. Following the work above, 
the enantiomerically pure serine derivative, (S)-MeO2CCH(NHBoc)CH2I, was 
successfully reacted with 82 under the above conditions in good yield (72%) and 92:8 
cis:trans ratio.58 This method is useful for amino acid synthesis and it also illustrates 
that the method tolerates a number of functional groups and it is highly 
chemoselective.  
In a synthesis of vitamin D analogues such as secalciferol 202, conjugate addition of 
alkyl iodides such as 203 to 184, the (R)-enantiomer of 82, is the first step in the 
synthesis forming the skeleton of the natural product, 204. 
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The opposite diastereomer, 205 can be produced by reaction of 203 with 82, thus 
illustrating that this method provides access to a variety of isomeric analogues 
depending on which dioxolanone used.89,90 
 The flexibility and selectivity of compounds 82 and 184 as chiral ketene 
equivalents via their ability to act as dieneophiles has only been studied to a limited 
extent. The inherent captodative nature of the alkenes 82 and 184 or their analogues 
makes them highly reactive and the selectivity in Diels Alder reactions was of 
interest. Addition of cyclopentadiene to 82 can result in four possible products 206-
209.  However, only 206 and 207 arising from attack at the Re-face and are produced 
in a 96:4 ratio in 86% yield with the t-butyl group successfully blocking addition to 
the Si-face. This reaction proceeded with a minimum of 95% facial and 96% exo 
selectivity.86 This reaction was also reported in a patent by Toprihara and co-workers, 
in which the group at the 2-position is not clearly identified, however the synthesis of 
82 by conventional methods and its reaction with cyclopentadiene is discussed as an 
example.91 
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Roush and co-workers examined the above reaction with 184 and as expected the 
opposite diastereomers 210 and 211 were produced in a 94:6 ratio (55–60 oC) or 97:3 
ratio (at 80 oC) and in good yield (85%).17,85 
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Removal of the temporary centre (t-butyl group or pivalaldehyde) can be achieved in 
a variety of ways allowing access to spiro α-hydroxy acids that would not produced 
by reaction with other chiral ketene equivalents. Most chiral ketene equivalents 
favour the endo conformation for the reaction, however the presence of the t-butyl 
group in 82 and 184 disfavours this conformation blocking the Si-face attack.92 
 Following the reaction of 82 with cyclopentadiene, Mattay and co-workers 
investigated the affect of additional groups on addition such as a terminal 
ethoxycarbonyl on the exo cyclic methylene group using 197. As above four possible 
products could be formed, however in this case they could identify only the exo 
products 212 and 213 in a ratio of 95:5 at room temperature (at higher temperatures 
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the reaction becomes less selective and at 140 oC the ratio is reduced to 82:18). In this 
case the structure of the major product could not be determined from NMR analysis 
but, in analogy with the results above, it should be that formed by Re-face attack,i.e. 
212.40 Clearly the addition of more bulky groups on the exomethylene bond provides 
a higher level of facial selectivity and almost complete exo selectivity. 
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Roush and co-workers investigated the reaction of the cyclohexyl compound 186 with 
214 which gave 215 (exo adduct) and 216 (endo adduct) in a 88:12 ratio, with the 
cyclohexyl group blocking the Si-face and forcing the TBDMS groups to orientate 
trans to the cyclohexyl group.17,93,94 
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Interestingly the reaction of 82 with acrolein gives only one product, 217, in 52% 
yield following reaction at 70 oC for 4 days. In this case the reaction is deemed to give 
almost complete facial selectivity. A similar reaction with ethyl 4-oxobuten-2-oate 
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was not as selective however with a 2:1 ratio of exo/endo products, but the facial 
selectivity remained intact with attack only occurring on the Re-face.95 
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3 Natural product and pharmaceutical synthesis applications 
 
In their investigation of the enatioselective syntheses of (+)- and (_)-homocitric acid 
lactones 219 and 220 starting from reaction of 82 and 184 with 1,3-butadiene, 
Rodríguez and co-workers found that in both cases the reactions were extremely 
selective. They obtained 96% diastereoselectivity in the formation of 218 and this was 
determined from its Mosher ester. Ozonolysis and protonation of 218 gave the end 
products 219 and 220 in 96% d.e.96 
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O
O O
But
218a
O
O
R1O2C
R1O2C
219a, R1 = H
220a, R1 = Me
2 stepstoluene
51%
96 % d.e.
O
O
O
But
 
(R)-184
O
OO
But
218b
O
O
CO2R
1
CO2R
1
219b, R1 = H
220b, R1 = Me
2 stepstoluene
96% d.e.
(no yield
given)
O
O
O
But
 
Roush and coworkers then investigated the reaction of 186 with various triene 
systems in the synthesis of various spirotetronate antibiotics. Initial studies involved 
the synthesis of the top half of kijanolide 221 (an aglycone of the antibiotic 
kijanimicin) (red indicates section of compound employing the dioxolanone strategy 
below).97,98 
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Reaction of the triene system 222 with 186 gave the desired exo product 223 in a 8–
9:1 ratio with the endo product 224. As would be expected, a small amount (3%) of a 
regioisomer derived from the reversed orientation of the diene and dienophile was 
obtained.97,98 An additional synthesis of kijanolide was mentioned that referenced and 
performed a chemical correlation using the dioxolanone pathway, using 82 rather than 
186, thus leading to an enantioenriched analogue of the desired product.99 
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In a later paper, studies concentrated on intramolecular Diels Alder reactions of 228 
synthesised from 225 and 226 via 227. This was hoped to give good selectivity, 
however this was not the case as the desired exo product 229 was the minor product 
of the reaction, with a large amount of the undesired endo product 230 being 
produced.98 Although not the best result, it is of interest as it is the only example to 
our knowledge of an intramolecular reaction involving this class of dioxolanones. 
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Also in this paper, 184 was used in the synthesis to give 231 and 232 in a 13–14:1 
ratio which was reported following the Marshall and co-workers paper.98 The 
rationale behind the use of 186 over 184 for the intial studies was due to the alleged 
stability of 186 or indeed 194 over 184 and 82, however this increased stability has to 
be balanced against a loss of selectivity which is not a desirable compromise for this 
category of reactions. 
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 For the synthesis of the next member of this class of antibiotics, 
chlorothricolide 233 (an aglycone of chlorothricin), 184 was used and following 
reaction with 234 gave 235 and 236 in a 15:1 ratio.93,100 As expected, if 186 is used 
rather than 184, the analogues of 235 and 236 are obtained, however an increase in 
yield (to 84%) comes at a high price with loss of selectivity down to a 6:1 ratio.101 
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Similarly reaction of 184 with 237 gave the desired exo isomer 238 in a 14:1 ratio to 
the endo isomer. Reactions in this case are highly regioselective in favour of the 
trisubstituted diene and the high facial selectivity of 184 provides a very efficient 
enantioselective syntheses of the desired compounds from 235 and 238.93,100 
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Following this study, Roush and co-workers then investigated the total synthesis of 
(_)-chlorothricolide 233 via the hexaenoate 239 and 184. This gave the desired 
cycloadduct 240 via inter- and intramolecular Diels Alder reaction initially in 40–45% 
yield with 19% of a mixture of various cycloadduct isomers and 25–30% of the 
intramolecular Diels Alder adduct 241. This adduct can be recycled due to the ease of 
isomerisation of the tri-substituted diene and using more of 184 gave an overall yield 
of 55–59% of 240 after one recycle. The adduct 240 can be converted to the final 
product 233 via 4 additional steps.93,102 
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The synthesis of tetronolide, 242, (the aglycone of the tetracarcin group of anti-
tumour antibiotics), was very similar to the synthesis of the other analogues above. 
The reaction of 243 with 184 gave 244 in good yield along with a number of by-
products: a second cycloadduct which is believed to be the endo isomer (5–7%), some 
recovered diene (14%), and a mixture of products believed to be formed by 
dimerisation of 243 (5%).94,103 
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The reaction with the ethoxy analogue of 243 was also reported and it gave the 
desired exo product analogous to 244 in 72% yield and 93:7, as above.101 
 Therefore, in summary, 82 and 184 are excellent for use in Diels Alder 
reactions providing high face selectivity and high regioselectivity. In all these 
synthetic schemes the Diels Alder reaction is one of the most important steps as 
nearly half the stereochemistry of the molecule is formed in this step. 
 Only one example to date has been reported of a [2+2]-cycloaddition. MaGee 
and co-workers reported the reaction of dichloroketene with a variety of dienophiles 
including dioxolanones in an attempt to find a synthetic pathway to (+)-
cryptosporiopsin 245. A number of previously unreported exocyclic methylene 
containing dioxolanones 246a-d are also described.104 
O
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The reaction of 82 and 246a-d with dichloroketene was expected to proceed 
smoothly with high selectivity following the earlier work by Roush and Mattay. In  
this case, however, the t-butyl group could not provide the same level of facial bias as 
had been reported for the Diels Alder reactions; in all but one case the facial 
selectivity was very low. Obviously this is undesirable as the product stereochemistry 
is formed in this step. Steric effects also play a very significant role, influencing the 
reactivity of the alkene, with the tetrasubstituted alkene not reacting at all and the 
trisubstituted examples resulting in a reduced yield.104 
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Other dioxolanones bearing exocyclic alkene groups have also been reported such as 
248, 249 and the ylide analogue 250. Treatment of 248 with lithium enolates such as 
those of methyl or t-butyl phenylacetate gave the pulvinone, 251a, in an excellent 
yield of 90%, and treatment of 249 with the lithium enolate of 4-
benzyloxyphenylacetate gave the pulvinone, 251b, in 78% yield. The ylide 250 is 
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used in the production of 249 via a Wittig reaction with 3,4-dibenzyloxybenzaldehyde 
252.105 
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4 Achiral 2,2-dimethyl-5-methylene-1,3-dioxolan-4-one 
 
Interestingly there have been only a handful of reports in the literature of the 
synthesis of 2,2-dimethyl-5-methylene-1,3-dioxolan-4-one, 253. The first by 
Likhterov and co-workers,106 reported the synthesis of 253 and various other 
dioxolanones, from racemic 3-chloro-2-hydroxypropionic acid 254 via the 5-
chloromethyl-1,3-dioxolan-4-ones 255a-f  in yields of 29% (255f), 39 % (255b) and 
75-87% (255a, c-e). 
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The removal of HCl from 255a,b,c,d,f is readily achieved using triethylamine in 
benzene heated to reflux in the presence of p-methoxyphenol and phenothiazine with 
dropwise addition of a solution of the dioxolanone in benzene. Compound 255e, 
however, was produced in ether at –5 oC. Yields for this step were good ranging from 
60-80%.106 
The other reported synthesis of 253 proceeds via the same route as for the 
formation of 82, that is via acetalisation of lactic acid with acetone in the presence of 
p-toluenesulfonic acid (p-TSA), bromination with NBS and HBr elimination with 
Et3N.95 Endo and co-workers used a 1:1 solution of acetone:petroleum ether with p-
TSA and lactic acid and, after 24 hrs heating at reflux, 253 was obtained following 
workup in 50% yield.107 Two earlier references in the specialised polymer literature 
are cited in this paper also and they describe the synthesis of 253 and 256e, 
respectively, by cyclisation of β-bromolactic acid with acetone108 and benzaldehyde109 
followed by dehydrobromination with DBU and a study of the degree of ring opening 
present in the polymers subsequently formed from them. Yields for the above 
methods were not given in the respective reports. 
Only two reports on the cycloaddition chemistry of 253 could be found, the 
first involving the reaction of 253 with cyclopentadiene catalysed by 257 to give 258 
in 30% yield with an excellent endo/exo ratio of <1/99 in 72% e.e. (determined by 
GC) with R configuration at the spiro centre.110 
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The second report discussed the reaction of 253 with ethyl 4-oxobuten-2-oate 259 to 
give two products 260 and 261 (each as a pair of enantiomers) in a 1:1.4 ratio in a low 
yield of 23%. The chiral version of this reaction mentioned earlier only gave a 2:1 
exo:endo ratio.95 
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The remaining reports on this compound involve its use as a monomer for polymer 
formation. Its attractivness for polymerisation comes from the fact that 253 is a 
captodative molecule at the alkene centre and as such is believed to have a high 
radical polymerisability and increased radical stability as already discussed. Coupled 
with this 253 contains both vinyl ether and acrylate moieties which, if placed within a 
polymer by ring opening polymerisation, could lead to poly α-ketoesters likely to 
behave as biodegradable or photodegradable polymers. Such a mode of 
polymerisation was previously reported,108,109 but the polymer properties were not 
significantly studied. Endo and co-workers found that data obtained from both 13C 
NMR and IR spectra suggested that no ring opening had occurred with IR analysis, in 
particular, supporting this with no absorption present at 1736 cm-1 as expected for an 
α-ketoester group. Instead a carbonyl peak similar to the starting compound was 
obtained. In addition to this there was no peak at 333 nm in the UV-vis spectrum 
which is characteristic of the α-ketoester group. Therefore polymerisation of 253 was 
deduced to have given the polymer 262.107 This was also detemined seperately by Loo 
and co-workers, who also found that polymerisation proceeded preferentially by 1,2-
vinyl addition rather than ring-opening polymerisation.111 
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Similarly, 253 can also be copolymerised with common monomers such as styrene, 
methyl methacrylate and vinyl acetate in the absence of solvent to give high yields of 
high molecular weight polymers containing between 55–60 mol% of 253 in the 
polymer. If the reaction is conducted in chlorobenzene, the yields and molecular 
weights drop off significantly and the amount of 253 present within the polymer is 
significantly increased to between 58–87 mol %. It was found that the intermediate 
radical 263 could attack 253 six times faster than the styrene radical and the 
polystyryl radical attacked 253 12.5 times faster than styrene. The rationale for this 
observation was the significant conjugation of 253 (also known as DMDO)112 This 
observation was also noted by Loo and co-workers.111 
Following on from these studies, a new route to the preparation of poly(α-
hydroxyacrylic acid) was reported via hydrolysis of 262 and the poly DMDO-co-
styrene copolymer 264. The hydrolysis of 262 with sodium hydroxide in THF was 
achieved in an hour at room temperature to give 265 and the loss of acetone was 
detected by GC. Interestingly, unlike the starting compound which was soluble in a 
wide variety of organic solvents, 265 was only soluble in water. Polymer 265 could 
then be treated with acid to give 266, a more complicated polymeric system. At each 
stage monitoring by 13C and IR analysis was used in compound characterisation.113 
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Hydrolysis of poly DMDO-co-styrene 264 proceeded under the same conditions with 
longer reaction times as compared to the hydrolysis of 262. The hydrolysed product 
267 was soluble in water but insoluble in a phosphate buffer. The yield of the water 
soluble portion decreased as the styrene composition increased indicating that the 
compound’s reactivity towards hydrolysis was dependent on the polymer’s affinity 
for water. 113 
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There has also been a report of the 2,2-dimethyl-5-carboxymethylene-1,3-dioxolan-
one 268, along with various other lower alkyl containing 5-carboxymethylene-1,3-
dioxolan-ones formed from either a bis-acetal or bis-ketal of tartaric acid using 
various potassium bases. A method for the preparation of HIV integrase inhibitors 
using 2,2-dimethyl-5-carboxymethylene-1,3-dioxolanone is reported.114,115 
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The application of exomethylene dioxolanones as electrolytes for use with secondary 
lithium batteries has also been described in a patent which covers substituted 
exomethylene containing dioxolanones with monovalent groups or a ring at the 2-
position.116 
 
We have seen that the 2-alkyl-5-methylene-1,3-dioxolan-4-ones have a wide 
variety of uses and high stability under a wide variety of reaction conditions. With the 
diverse range of reactions shown above, the synthetic uses of this class of molecule 
are very varied however all the reactions are very similar within each class. Regarding 
the potential of these molecules the surface has barely been scratched. Although 
polymers have been extensively studied using the achiral 2,2-dimethyl-5-methylene-
1,3-dioxolan-4-one no attempt to develop chiral polymers using the 2-alkyl-5-
methylene-1,3-dioxolan-4-ones has been reported. The inherent captodative nature of 
the dioxolanone and the resulting effect on its reactions have not been conclusively 
proven although the relative stability of the radical indicates it may have some 
influence. What effect if any this has on reactions involving the methylene group has 
not been conclusively shown. 
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C Programme of research 
 
The initial aim of this project was to investigate the addition of various electrophiles 
to the lithium enolates of a number of 1,3-dioxolan-4-ones with a view to expanding 
the scope of chiral 1,3-dioxolan-4-ones as chiral acyl anion equivalents Although a 
wide variety of adducts had been reported the liberation of the desired ketone product 
was achieved in the majority of cases using a variety of two step processes such as 
hydrolysis followed by decarboxylation. Early work within the group117 had shown 
that when achiral dioxolanone adducts 271 were subjected to Flash Vacuum Pyrolysis 
(FVP), fragmentation occurred to give acetone, carbon monoxide and ketones 272, 
thus making 44a/270 a new type of acyl anion equivalent.  This work was further 
developed using Seebach’s dioxolanones1 as chiral acyl anion equivalents. Alkylation 
of 9 and 10 with ethyl crotonate gave the previously unreported adducts 273 and 
274.70 When subjected to FVP the desired ketones 275 and 276 were formed in good 
yield with low to good e.e.  
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The initial starting point for the research project was to repeat and expand on 
the previous work, incorporating new α-hydroxy acids derived from phenylalanine, 
valine, leucine, isoleucine and methionine. The examination of their addition to a 
variety of previously unreported or under-examined electrophiles was to be followed 
by the examination of the FVP behaviour of the new compounds thereby obtained. 
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This would be carried out in parallel with an FVP study of some previously reported 
species such as the nitrostyrene adducts 165b and 166b. 
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Quite early in the project it was realised that the field of cycloaddition to the 
exocyclic methylene group of compounds such as 82 was underdeveloped and, in 
particular, that 1,3-dipolar cycloaddition to such a system had apparently never been 
reported. In addition, the pyrolysis behaviour of such adducts 277 and 278 had 
apparently not been examined. If these broke down with loss of pivalaldehyde and 
CO as shown to give 281 and 282 then compound 82 would be acting as a chiral 
ketene equivalent and this aspect was to be examined in detail for both Diels Alder 
and 1,3-dipolar cycloadducts. 
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A.  Instrumentation and general techniques 
1. NMR Spectroscopy  
a) 1H NMR 
Routine spectra were obtained on a 300 MHz Brucker Avance 300 instrument. 
High resolution spectra were obtained at 400 MHz on a Bruker Avance II 400 or at 
500 MHz on a Bruker Avance 500. 
 
b)   13C NMR 
Spectra were obtained at 75 MHz  on a Bruker Avance 300. 
 All 1H and 13C spectra were obtained from solutions in deuteriochloroform, except 
where otherwise indicated. Chemical shifts are expressed in ppm to high frequency 
relative to internal tetramethylsilane and coupling constants J are in Hz.  
 
2.  Infrared Spectroscopy 
Infra red spectra were recorded as Nujol mulls or solvent films from 
dichloromethane for solids, and liquids were run as thin films on a Perkin Elmer 1420 
instrument or a Perkin Elmer GX FT-IR System. 
 
3. Mass Spectrometry 
Low resolution mass spectra and high resolution mass measurements were 
obtained on a VG Platform spectrometer or on a Micromass GCT for EI and CI or a 
Micromass LCT for low and high resolution ES, all operated by Mrs Caroline 
Horsburgh. The most common methods used were electrospray ionisation, where Na+ 
is the ion, chemical ionisation and electron impact. The method used will be stated in 
each case. 
 
4. Elemental Analysis 
 Microanalyses for carbon, hydrogen and nitrogen were carried out on a Carlo 
Erba CHNS analyser operated by Mrs Sylvia Williamson. 
 
5. Melting points  
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Routine melting points were recorded on a Gallenkamp 50W melting point 
apparatus; melting points for previously unknown or not fully characterised 
compounds were recorded on a Reichert hot-stage microscope.  
 
6. Thin Layer Chromatography 
 This was carried out using VWR TLC aluminium sheets coated with a 0.2 mm 
layer of silica gel 60 F254. The components were observed under ultraviolet light 
and/or stained with iodine. 
 
7. Column Chromatography  
 This was carried out using VWR silica gel (for chromatography), particle size 
40-63 μm. 
 
8. Drying and Evaporation of Organic Solutions 
 Organic solutions were dried by standing over anhydrous magnesium sulfate 
unless otherwise stated. Solutions were evaporated under reduced pressure on a Büchi 
rotary evaporator using a water pump vacuum unless otherwise stated. 
 
9.  Drying and Purification of Solvents 
 Commercially available solvents were used without further purification unless 
otherwise stated. In the case where pure acetone was required the commercially 
available Analytical Reagent (A.R.) grade solvent was used. Dry ether, dry THF, dry 
toluene and dry hexane were prepared by the addition of sodium wire. No distillation 
was performed on these solvents. 
 
10. Flash Vacuum Pyrolysis 
 The apparatus was based on the design of W. D. Crow, Australian National 
University. A similar set up is illustrated in a book by Brown which was published a 
number of years ago.118 The essential features of the apparatus are illustrated in Figure 
1.  The sample was volatilised from a horizontal inlet tube, heated via an external heat 
source through a 30 × 2.5 cm silica (quartz) tube. This tube was contained in 
Carbolite Eurotherm Tube Furnace MTF-12/38A and heated at temperatures in the 
range of 450-700 oC. The internal furnace temperature was measured by a Pt/Pt-13% 
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Rh thermocouple located at the centre of the furnace. The non-volatile products were 
collected at the furnace exit and the volatile products were collected in a U-shaped 
trap cooled in liquid nitrogen. The system was maintained at a pressure of 10–2 to 10–3 
Torr by an Edwards Model E2M5 high capacity rotary oil pump. The pressure was 
measured on a Pirani gauge located between the trap and the pump. Under these 
conditions the contact time in the hot zone was estimated to be the range 1_10 ms. The 
pyrolysis conditions are quoted as follows: “(weight of material volatilised, furnace 
temperature, average pressure during the pyrolysis)”. After the pyrolysis the system 
was isolated from the pump. The products were then dissolved out of the trap in 
deuteriochloroform, unless otherwise stated and analysed directly by NMR. Yields 
were calculated by adding a known amount of internal standard (e.g. dichloromethane 
or 1,2-dichloroethane) and comparing the 1H NMR integral signals.  
 
 Figure 1: Flash Vacuum Pyrolysis apparatus 
 
11.  Optical Rotation 
 Optical rotation measurements were performed with an Optical Activity AA-
1000 polarimeter operating at 589 nm using a 5 cm3 solution cell with a 10 cm path 
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length or a 1 cm3 solution cell with a 20 cm path length. Values for [α]D are expressed 
in units of 10–1 deg cm2 g–1. 
 
12.  Chiral Lanthanide NMR Shift Reagents 
 The experiments were carried out at 300 MHz on standard 1H NMR samples 
using europium(D-3-heptafluorobutyrylcamphorate)3. The enantiomerically enriched 
samples were run after the racemic analogues had been used to optimise the 
experimental conditions in most cases (time restrictions applied to some cases) and 
the e.e. was measured by comparing 1H NMR integrals of the associative 
diasteromeric complexes.  
 
 
 
B Preparation of (2S,5S)-2-t-butyl-5-phenyl-1,3-dioxolan-4-one  
and of (2S,5S)-2-t-butyl-5-methyl-1,3-dioxolan-4-one and 
electrophiles and their addition and subsequent pyrolysis 
 
1. 1,3-Dioxolan-4-one formation 
a. Preparation of (2S,5S)-2-t-butyl-5-phenyl-1,3-dioxolan-4-one 10 1 
 
A solution of (S)-mandelic acid (10 g, 66 mmol) in dry pentane (100 
cm3) containing pivalaldehyde (14.5 cm3, 11.5 g, 132 mmol), a 
catalytic amount of p-toluenesulfonic acid (10 mg, 0.05 mmol) and a 
few drops of conc. H2SO4 was heated under reflux with a Dean-Stark 
trap for approximately 4 hours or until expected amount of water was 
collected. The product was sparingly soluble in pentane, so once the reaction was 
deemed to be complete the crystals were removed by filtration. The product was 
recrystallised from pentane:ether to yield fine colourless needle-like crystals (11.75 g, 
81%), mp 123–128 oC (lit.,1 140 oC); [α]D +84.66 (c = 1.2, CHCl3) [lit.,1 [α]D +88.7, (c 
= 1.2, CHCl3)]; δH 1.07 (9 H, s, But), 5.23 (1 H, d, J 1.3, Ph-C-H), 5.32 (1 H, d, J 1.3, 
But-C-H) and 7.37–7.48 (5 H, m, Ph). 
 
b. Preparation of (2S,5S)-2-t-butyl-5-methyl-1,3-dioxolan-4-one 9 1 
O
O
O
Bu
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A solution of (S)-lactic acid (20 g, 220 mmol) in dry pentane (200 
cm3) containing a solution pivalaldehyde, (75% in t-butanol, 28.42 g, 
330 mmol), a catalytic amount of p-toluenesulfonic acid (~10 mg, 
0.05 mmol) and six drops of conc. H2SO4 was heated under reflux 
with a Dean-Stark trap for approximately 6.5 hours or until the 
expected amount of water was collected.  On completion of the reaction the mixture 
was washed with water, dried and the solvent removed.  The crude product was a very 
pale yellow liquid; this was then distilled (80 oC, 20 Torr) to yield the purified product 
as a colourless liquid.  The product was recrystallised from pentane:ether at –78 oC to 
furnish the product as colourless crystals.  The product was filtered off cold and 
melted upon warming to room temperature to give a clear colourless liquid (23 g, 
66%) in at least 15:1 ratio in favour of the desired isomer, mp ~6 oC (lit.,1 ~5 oC); [α]D 
+42.1 (c = 1.83, CHCl3) [lit.,1 +44.8(c = 1.83, CHCl3)]; δH 0.98 (9 H, s, But), 1.46 (3 
H, d, J 6.7, Me), 4.36 (1 H, qd, J 6.7, 1.2, CH3-C-H) and 5.15 (1 H, d, J 1.2, Bu t-C-
H). 
 
2.  Preparation of electrophiles  
a. Preparation of 1-methoxy-4-[(E)-2-nitrovinyl]benzene 119 
 
p-Anisaldehyde (5.0 g, 37 mmol) was mixed with 
nitromethane (3.5 g, 57 mmol), ammonium acetate 
(2.5 g, 32 mmol) and acetic acid (25 cm3) and heated 
under reflux for two hours.  The flask was removed 
from the heat and once cooled it was placed in the freezer to initiate crystallisation. 
Once crystals started to form, the flask was removed and left to warm up to room 
temperature and the resulting crystals were filtered off and washed with a small 
amount of ether to yield the product (2.31 g, 35%) as bright yellow crystals, mp 84–
86 oC, (lit.,65 87 oC); δH 3.87 (3 H, s, OMe), 6.96 (2 H, d, J 8.8, HA), 7.51 (2 H, d, J 
8.8, HB), 7.52 (1 H, d, J 13.6, =C(H)-NO2) and 7.98 (1 H, d, J 13.6, Ar-C(H)=). 
 
b. Preparation of 1-methoxy-4-[(E)-2-nitroprop-1-enyl]benzene 119, 120 
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A mixture of p-anisaldehyde (5.0 g, 37 mmol), 
nitroethane (4.3 g, 0.057 mol) and ammonium acetate 
(2.5 g, 0.032 mol) was heated under reflux in acetic 
acid (25 cm3) overnight.  On completion the flask was 
removed from the heat and left to cool. The contents were then poured slowly into 
ice-water (250 cm3) and the mixture was left to stand until all the ice had melted and 
brown crystals had precipitated out of solution. The product was extracted into ether 
(2 × 30 cm3) which was then washed with sodium bicarbonate, dried and the solvent 
removed. The product was purified by flash column chromatography (silica gel, 
Et2O/hexane, 1:4) to give the product as yellow needles (0.29 g, 4%); also obtained 
were mixed fractions containing the desired product contaminated with an 
unidentified side product. Product mp 41-44 oC, (lit.,65 48 oC); δH 2.48 (3 H, d, J 0.93, 
Me), 3.86 (3 H, s, OMe), 6.96-6.99 (2 H, m, Ar), 7.42 (2 H, m, Ar) and 8.08 (1 H, br 
s, C(H)=C-).  
 
c. Diels-Alder reaction of maleic anhydride and furan to form 303 121 
Maleic anhydride (20 g, 0.204 mol) was placed in a round 
bottomed flask and dissolved in toluene (150 cm3). This was 
allowed to stir at room temperature for 15 mins to allow the pure 
maleic anhydride to dissolve and any maleic acid which was 
insoluble in toluene was removed by filtration. Furan (20 g, 0.294 
mol) was then added and the mixture was stirred at room temperature overnight and 
then put in the freezer to crystallise. The product was then filtered off as colourless 
crystals (15.7 g, 46%), mp 104 oC (lit.,122 125 oC); δH 3.18 (2 H, s, CH-C=O), 5.46 (2 
H, t, J 0.9, CH-O) and 6.55 (2 H, t, J 0.9, CH=CH).  
 
d. Reduction of 303 with NaBH4, to give the tricyclic lactone 304 121 
 
The anhydride 303 (10 g, 60 mmol) was dissolved in dry DMF 
(50 cm3) and stirred at 0 oC. A suspension of NaBH4 (2.5 g, 60 
mmol) in dry DMF (25 cm3) was added slowly. The mixture was 
kept at 0 oC for 2 h and then room temperature overnight. HCl (2 
M, ~50 cm3) was carefully added until pH 2 was reached. The resulting solution was 
O
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extracted with CH2Cl2 (3 × 50 cm3). This was washed with water and sodium 
bicarbonate (5%). The solution was then dried over MgSO4 and the solvent 
evaporated. The product was isolated as a colourless solid (4.15 g, 45%), mp 94–95 
oC, (lit.,121 98 oC); δH 2.76 (1 H, dd, J 8.6, 3.6, CH-CH2), 2.82 (1 H, s, CH-C=O), 4.22 
(1 H, dd, J 9.6, 3.6, HCH-O), 4.52 (1 H, dd, J 9.6, 8.6, HCH-O), 4.97–4.99 (1 H, m, 
CHO), 5.29–5.31 (1 H, m, CHO), 6.45 (1 H, half AB pattern of d, J 5.8, 1.6, =CH) 
and 6.48 (1 H, half AB pattern of d, J 5.9, 1.6, HC=). 
 
e. Pyrolysis of reduced adduct to give butenolide 302 121 
 
FVP of 304 (1.65 g, 10.8 mmol) was performed at 500 oC and 3 × 10–2 
Torr. The product was collected as a yellow oil (0.81 g, 89%); δH 4.93 (2 
H, dd, J 2.2, 1.7, CH2), 6.18 (1 H, dt, J 5.8, 2.2, CH=) and 7.62 (1 H, dt, J 
5.8, 1.7, CH=). 
 
3. Additions to dioxolanones 
 
General procedure for the preparation of LDA or LiHMDS 
Preparation of LDA: Dry THF (12 cm3) was added to a three necked flask and Pri2NH 
(0.16 g, 0.22 cm3, 2.2 mmol) was added.  The system was purged with nitrogen, and 
the mixture was cooled to –78 oC and BunLi (2.5M in hexane, 0.88 cm3, 2.2 mmol) 
was added by syringe.  The mixture was warmed up to 0 oC and then was cooled to  
–78 oC again.  
 For the preparation of LiHMDS the same procedure was used as for the 
preparation of LDA, however instead of of Pri2NH, hexamethyldisilazane (0.36 g, 
0.44 cm3, 2.2 mmol) was used. 
 
a. Preparation of (2S,5S)-2-t-butyl-5-(1-ethoxycarbonyl-2-propyl)-5-phenyl-1,3-
dioxolan-4-one 273 70 
 
LDA (2.2 mmol) in dry THF (12 cm3) was formed by the above 
method and after cooling a solution of (2S,5S)-2-t-butyl-5-phenyl-
1,3-dioxolan-4-one 10 (0.5 g, 2.0 mmol)  in dry THF (8 cm3) was 
O
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added slowly by syringe.  The solution was stirred at –78 oC for 2 hours and then a 
solution of ethyl crotonate (0.25 g, 0.27 cm3, 2.2 mmol) in dry THF (5 cm3) was 
added slowly by syringe.  The reaction mixture was stirred at –78 oC for 2 hours and 
then at room temperature overnight. Aqueous NH4Cl (100 cm3) was added and the 
mixture was extracted with ether (2 × 60 cm3).  The combined organic layers were 
washed with water, dried and the solvent removed. 1H NMR spectroscopic analysis 
indicated that the product had been formed, but purification was required. Purification 
was achieved by flash column chromatography (silica gel, Et2O/hexane, 3:7) and the 
product was eluted as a yellow oil.  The spectrum of the purified product (0.33g, 
49%) indicated that two diastereomers had formed in approximately a 1:1 ratio.  [α]D 
+0.09 (c = 1.3, THF) [lit.,117 +40.8, (c = 1.3, THF)];  
First isomer: δH 0.90 (9 H, s, But), 1.06 (3 H, d, J 7.3, Me), 1.19 (3 H, t, J 7.1, Me-
CH2), 2.10 (1 H, dd, J 15.4, 10.5, CH2-CO2Et), 2.25 (1 H, dd, J 15.4, 4.5, CH2-
CO2Et), 2.76 (1 H, m, CH-Me),  4.01 (2 H, q, J 7.1, CH2Me), 5.39 (1 H, s, H-C- But), 
7.35 (3 H, m, Ph) and 7.69 (2 H, m, Ph). 
Second isomer (major): δH 0.93 (9 H, s, But), 1.15 (3 H, d, J 6.9, Me), 1.25 (3 H, t, J 
7.1, Me-CH2), 2.15 (1 H, dd, J 15.4, 10.5, CH2-CO2Et), 2.50 (1 H, dd, J 15.4, 4.5, 
CH2-CO2Et), 2.76 (1 H, m, CH-Me), 4.02 (2 H, q, J 7.14, CH2Me), 5.42 (1 H, s, H-C- 
But) and 7.69 (5 H, m, Ph). 
 
b. Preparation of (2S,5R)-2-t-butyl-5-(1-ethoxycarbonyl-2-propyl)-5-methyl-1,3-
dioxolan-4-one 274 70 
 
 LDA (3.48 mmol) in dry THF (12 cm3) was prepared as above and 
cooled to –78 oC again and ethyl crotonate (0.40 g, 0.43 cm3, 3.48 
mmol) was added. After 5 mins (2S,5S)-2-t-butyl-5-methyl-1,3-
dioxolan-4-one 9 (0.5 g, 3.16 mmol) dissolved in dry THF (5 cm3) 
was added slowly by syringe.  The reaction mixture was allowed to 
warm up slowly to room temperature over 3 hours and then was 
neutralised with saturated aqueous NH4Cl (100 cm3), the product was then extracted 
with ether (2 × 30 cm3), the combined organic layers were washed with water, dried 
and the solvent removed to yield a yellow liquid. The crude product was purified by 
flash column chromatography (silica gel, Et2O/hexane, 3:7). to give the product as a 
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yellow liquid (0.0579 g, 6.7%). αD +13.1 (c = 0.6, THF), [lit.,117 +6.1 (c = 0.6, THF)]; 
δH 0.95 (9 H, s, But), 1.07 (3 H, d, J 6.8, CHMe),  1.27 (3 H, t, J 7.1, CH2Me), 1.39 (3 
H, s, Me), 2.16 (1 H, half AB pattern of d, J 15.5, 9.9, CH2CH), 2.42–2.56 (1 H, m, 
CHMe), 2.69 (1 H,  half AB pattern of d, J 15.5, 3.8, CH2CH ), 4.15 (2 H, q, J 7.1, 
CH2Me) and 5.22 (1 H, s, CHBut). 
 
c. Preparation of (2S,5S)-2-t-butyl-5-(1'-(4-methoxyphenyl)-2'-nitroethyl)-5-phenyl-
1,3-dioxolan-4-one  165b/166b 66 
 A solution of LDA (22 mmol) 
in dry THF (100 cm3) was 
prepared by the usual method. 
After cooling to –78 oC a 
solution of (2S,5S)-2-t-butyl-5-
phenyl-1,3-dioxolan-4-one 10 
(4.40 g, 20 mmol) in dry THF (30 cm3) was added slowly by syringe.  The solution 
was stirred at –78 oC for 30 mins, then warmed up to –20 oC for 30 mins and then 
recooled to –78 oC. A solution of 1-methoxy-4-[(E)-2-nitrovinyl]benzene (3.94 g, 
0.022 mol) in dry THF (20 cm3) was then added slowly by syringe and the mixture 
was stirred at –78 oC for 2 hours and then warmed up to room temperature and stirred 
overnight. Aqueous NH4Cl (100 cm3) was added and the mixture was extracted with 
ether (2 × 60 cm3).  The combined organic layers were washed with water, dried and 
the solvent removed to yield a viscous brown liquid.  1H NMR spectroscopic analysis 
showed that the diastereomers were present in a 3:4 ratio along with a number of 
impurities. Separation was achieved by flash column chromatography (silica gel, 
Et2O/hexane, 1:5).  Fractions 20–22 contained the minor product (0.41 g, 5%) and on 
removal of solvent this was recrystallised to give a pure product (0.24 g, 3%) as 
colourless prism-like crystals.  Fractions 28–35 contained the major product as 
colourless crystals (1.01 g, 12%).  
Minor isomer, (2S,5S,1'R)-2-t-butyl-5-(1'-(4-methoxyphenyl)-2'-nitroethyl)-5-phenyl-
1,3-dioxolan-4-one 165b: mp 98–102 oC, (lit.,66 96–98 oC); [α]D –61.07, (c = 1.5, 
CHCl3) [lit.,66 –54.2, (c = 1.5, CHCl3)]; (Found: C, 66.4; H, 6.4; N, 3.5.  C22H25NO6 
requires C, 66.2; H, 6.3; N, 3.5%); νmax/cm–1 1778, 1612, 1559, 1513, 1424, 1404 and 
1350;  δH  0.71 (9 H, s, But), 3.81 (3 H, s, OMe), 4.10 (1 H, dd, J 11.1, 4.7, CH2), 4.43 
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(1H, s, HC-But), 4.48 (1 H, dd, J 13.5, 4.7, CH2), 5.07 (1 H, dd, J 13.5, 11.1, CH-
C6H4-OMe), 6.86 (2 H, d, J 8.7, Ar H-3, H-5), 7.20 (2 H, d, J 8.7, Ar H-2, H-6), 7.36–
7.42 (3 H, m, Ph) and 7.59–7.64 (2 H, m, Ph); δC 23.1 (But), 35.0 (C-Me3), 52.4 (CH-
CH2-NO2), 55.3 (MeO), 75.0 (CH2), 83.6 (C-5), 110.6 (C-But), 114.2 (Ar C-3, 5), 
125.1 (Ph C-1), 125.5 (Ar C-2, 6), 128.7 (Ph), 129.0 (Ph),  130.3 (Ph), 136.1 (Ar C-
1), 159.9 (Ar C-4), and 171.3 (C=O); m/z 422.11 (M++ Na+ , 100%). 
Major isomer, (2S,5S,1'S)-2-t-butyl-5-(1'-(4-methoxyphenyl)-2'-nitroethyl)-5-phenyl-
1,3-dioxolan-4-one 166b: mp 139–140 oC; [α]D +37.6 (c = 1, CH2Cl2)  (Found: C, 
66.5; H, 6.2; N, 3.6. C22H25NO6 requires C, 66.2; H, 6.3; N, 3.5%); HRMS m/z (ES) 
422.1584 (C22H25NO6Na+ requires 422.1580); νmax/cm–1 1786, 1611, 1585, 1555, 1514, 
1459, 1450, 1436, 1380, 1350, 1301, 1252, 1200 and 1184 ; δH  0.84 (9 H, s, But), 
3.82 (3 H, s, OMe), 4.19 (1 H, dd, J  14.2, 4.4, CH2), 4.20 (1H, dd, J 12.8, 4.4, CH2), 
4.65 (1 H, s, HC-But), 4.87 (1 H, dd, J 14.2, 12.7, CH-C6H4-OMe), 6.91 (2 H, d, J 8.8, 
Ar H-3, H-5), 7.35 (2 H, d, J 8.8, Ar H-2, H-6), 7.38–7.50 (3 H, m, Ph) and 7.78–7.83 
(2 H, m, Ph); δC 23.5 (But), 35.4 (C-Me3), 51.8 (CH-CH2-NO2), 55.3 (MeO), 74.7 
(CH2), 84.1 (C-5), 110.9 (C-But), 114.6 (Ar C-3, 5), 124.5 (Ph C-1), 125.0 (Ar C-2, 
6), 128.9 (Ph), 129.0 (Ph),  130.4 (Ph), 135.9 (Ar C-1), 160.1 (Ar C-4) and 171.4 
(C=O); m/z  (ES) 821.20 (2M + Na+, 18%), 423.1 (M+H+Na+, 18%) and 422.1 
(M+Na+, 100%). Crystal structure G1. 
 
d. (2S,5R)-2-t-butyl-5-(1'-(4-methoxyphenyl)-2'-nitroethyl)-5-methyl-1,3-dioxolan-4-
one 296  
 
A solution of LDA (20 mmol) in dry THF (100 cm3) was 
formed by the usual method and then the reaction was 
cooled to –78 oC and  a solution of (2S,5S)-2-t-butyl-5-
methyl-1,3-dioxolan-4-one 9 (3.16 g, 20 mmol) in dry 
THF (18 cm3) was added slowly by syringe.  The solution 
was stirred at –78 oC for 30 mins, then warmed up to –20 
oC for 30 mins and then recooled to –78 oC.  A solution of 1-methoxy-4-[(E)-2-
nitrovinyl]benzene (3.58 g, 20 mmol) in dry THF (10 cm3) was then added slowly by 
syringe and the mixture was stirred at –78 oC for 2 hours and then warmed up to room 
temperature and stirred overnight. Aqueous NH4Cl (100 cm3) was added and the 
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mixture was extracted with ether (2 × 60 cm3).  The combined organic layers were 
washed with water, dried and the solvent removed to yield the crude product as a 
yellow/orange viscous liquid which solidified on standing.  1H NMR spectroscopic 
analysis confirmed the correct product had formed and purification was achieved by 
flash column chromatography (dry loaded, silica gel, Et2O/hexane, 1:2.5).  The 
product (0.22 g, 3.3%) was obtained as colourless crystals mp 103–104 oC and a 
further batch of product was obtained as a yellow solid (0.4 g, 6%); HRMS m/z (ES) 
360.1423 (C17H23NO6Na+ requires 360.1423);  νmax/cm–1 1791, 1613, 1558, 1487 and 
1253; δH 0.86 (9 H, s, But), 1.52 (3 H, s, Me), 3.80 (3 H, s, OMe), 3.92 (1 H, dd, J 8.6, 
7.1, CH), 4.61 (1 H, s, HC-But), 4.940 (1 H, dd, J 7.1, 5.0, CH2), 4.943 (1 H, d, J 8.6, 
5.0, CH2), 6.87 (2 H, d, J 8.8, Ar) and 7.20 (2 H, d, J 8.8, Ar); δC 22.4 (Me), 23.2 
(But), 34.8 (C-Me3), 48.1 (CH-CH2NO2), 55.2 (OMe), 74.6 (CH2), 81.5 (O-C-Me), 
110.1 (C-But), 114.1 (Ar, C-3,5), 125.3 (Ar C-1), 130.1 (Ar, C-2,6), 159.9 (Ar C-4) 
and 173.4 (C=O); m/z (ES) 360.08 (M+Na+, 100%) 
(Comparison with Ph analogue did not allow the stereochemistry to be assigned 
conclusively) 
 
e. Preparation of (2S,5S,4'S)-2-t-butyl-5-(2-oxo-tetrahydrofuran-4-yl)-5-phenyl-1,3-
dioxolan-4-one 305 
 
A solution of LDA (4.4 mmol) in dry THF (24 cm3) was prepared by 
the usual method. After cooling to –78 oC, (2S,5S)-2-t-butyl-5-
phenyl-1,3-dioxolan-4-one 10 (1.0 g, 4 mmol) dissolved in dry THF 
(8 cm3) was added slowly by syringe.  The reaction mixture was 
stirred at –78 oC for 30 min and then warmed to –30 oC for 30 min.  
The reaction was then re-cooled to –78 oC and butenolide 302 (0.41 
g, 4.4 mmol) was added.  The reaction mixture was kept at –78 oC for 2 hours, then 
warmed to room temperature and allowed to stir overnight. The reaction mixture was 
stirred at –78 oC for 2 hours and then room temperature overnight.  Aqueous NH4Cl 
(25 cm3) was added and the mixture was extracted with ether (2 × 15 cm3).  The 
combined organic layers were washed with water, dried and the solvent removed to 
yield a yellow liquid.  The product was then purified by flash column chromatography 
(silica gel, Et2O/hexane, 1:2) to give the product as a colourless solid (0.0791 g, 8%), 
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mp 175–178 oC; [α]D –24.8 (c = 0.592, CH2Cl2); HRMS m/z (ES) 327.1200 
(C17H20O5Na+ requires 327.1208); ν max/cm–1 1789, 1457, 1369, 1200, 1027 and 694; 
δH 0.92 (9 H, s, But), 2.55 (1 H, half AB pattern of d, J 17.4, 7.7, CH2-C=O), 2.69 (1 
H, half AB pattern of d, J 17.4, 8.5, CH2-C=O), 3.21–3.32 (1 H, m, C-CH-CH2O), 
4.02 (1 H, half AB pattern of d, J 9.7, 7.8, CH2-O), 4.17 (1 H, half AB pattern of d, J 
9.7, 7.0, CH2-O), 5.46 (1 H, s, CH-But), 7.36–7.46 (3 H, m, Ph) and 7.64–7.70 (2 H, 
m, Ph); δC 23.4 (But), 29.9 (C-4'), 35.8 (C-Me3), 45.7 (C-3'), 67.8 (C-5'), 80.7 (C-5), 
111.4 (C-But), 124.8 (2C, Ph), 128.7 (2C, Ph), 128.9 (p-Ph), 135.5 (ipso-Ph), 171.7 
(4-C=O) and 174.9 (2'-C=O); m/z (ES) 327.07 (M+ Na+, 100%); Crystal structure G2. 
 
f. (2S,5R)-2-t-butyl-5-methyl-5-(2-oxo-tetrahydrofuran-4-yl)-1,3-dioxolan-4-one 307 
 
A solution of LDA (3.15 mmol) in dry THF:hexane (23 cm3, 9:1) 
was formed by the usual method and then the reaction was cooled to 
–78 oC. (2S,5S)-2-t-butyl-5-methyl-1,3-dioxolan-4-one 9 (0.5 g, 3 
mmol) was added dissolved in the solvent mixture (5 cm3). After 45 
min at –78 oC, butenolide 302 (0.378g, 4.5 mmol) was added and 
the reaction solution allowed to warm to ~ –20 oC over three hours. 
The reaction was then quenched with half saturated NH4Cl and the product was 
extracted with ether (50 cm3 × 2) to yield a yellow liquid. The product was purified by 
flash column chromatography (silica gel, Et2O/hexane, 1:2) to yield the product 
(major diastereoisomer) as a low melting orange solid (0.14g, 19%); mp not 
determined as on standing the product became an oil; νmax/cm–1 3422, 1791, 1633 and 
1485; δH 0.96 (9 H, s, But), 1.47 (3 H, s, Me), 2.54 (1 H, half AB pattern of d, J 17.6, 
7.7, CH2-C=O), 2.64 (1 H, half AB pattern of d, J 17.6, 8.7, CH2-C=O), 2.94–3.05 (1 
H, m, CH), 4.36 (1 H, half AB pattern of d, J 9.5, 6.6, OCH2), 4.45 (1 H, half AB 
pattern of d, J 9.5, 7.8, OCH2) and 5.22 (1 H, s, CH-But); δC 20.6 (Me), 23.2 (But), 
29.5 (C-4'), 35.0 (CMe3), 41.2 (C-3'), 67.9 (CH2O), 78.8 (C-Me), 109.8 (CH-But), 
173.6 (4-C=O) and 175.2 (2'-C=O). There was a trace amount of an additional 
diastereomer present giving only two distinctive peaks: δH 0.96 (9 H, s, But) and 1.47 
(3 H, s, Me). 
 
g. Reaction of 10 with benzaldehyde and protection to form 309. 
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A solution of LDA (9.9 mmol) in THF (100 cm3) was prepared 
by the usual method and the reaction mixture was cooled to –78 
oC and (2S,5S)-2-t-butyl-5-phenyl-1,3-dioxolan-4-one 10 (2.00 
g, 9.0 mmol) was added. The reaction mixture was kept at –78 
oC for 30 min and then warmed –20 oC for 30 min. The reaction 
mixture was cooled once again to –78 oC and benzaldehyde 
(1.08 g, 1.03 cm3, 9.9 mmol) was added. The temperature was kept at –78 oC for 2 
hours and then TBDMSCl (1.52 g, 9.9 mmol) was added the reaction mixture was 
then allowed to warm to room temperature. The reaction was neutralised using 
saturated aqueous NH4Cl; the product extracted with Et2O (2 × 50 cm3), the combined 
organic layers were washed with water, dried and the solvent removed. Purification 
was achieved by flash column chromatography (silica gel, Et2O/hexane, 1:4) to 
furnish the major product (0.59 g, 15%) which contained some silyl containing side 
products. A later fraction was further purified by preparative TLC (Et2O/hexane, 1:4) 
to yield the pure minor product (0.1g, 2.5%) as an oil. [α]D + 17.10 (c = 1.53, CH2Cl2) 
Minor isomer: δH –0.1 (6 H, s, CH3), 0.81 (9 H, s , But (TBDMS)),  0.86 (9 H, s, But), 
5.13 (1 H, s, CH-But), 5.62 (1 H, s, H-COTBDMS) and 6.99–7.65 (10 H, m, Ph); δC –
3.6 (SiMe2), 23.4 (But), 23.5 (But), 30.2 (Si-CMe3), 35.1 (CMe3), 80.9 (CH), 111.3 
(CH-But), 125-130 (Ph), 135.4 (C-1) and 137.3 (C-1). An impurity of benzoic acid 
prevented the  phenyl region from being accurately assigned in both spectra. The 13C 
spectrum was not strong enough for C-5 to be detected; m/z (ES) 349.21 (M+ – CO 
and ButCHO, 100%). 
The major isomer could not be isolated pure owing to the presence of silyl impurities; 
νmax/cm–1 1792, 1688, 1291 and 1206. 
 
h. Attempted reaction of 9 with benzaldehyde and protection to form 310. 
A solution of LDA (6.6 mmol) in THF (30 cm3) was prepared by the usual method 
and the reaction mixture was cooled to –78 oC. A solution of (2S,5S)-2-t-butyl-5-
methyl-1, 3-dioxolan-4-one 9 (1.00 g, 6.0 mmol) in dry THF was added. The reaction 
mixture was kept at –78 oC for 30 min and then warmed –30 oC for 30 min. The 
reaction mixture was cooled once again to –78 oC and benzaldehyde (0.7 g, 6.6 mmol) 
was added. The temperature was kept at –78 oC for 2 hours and then TBDMSCl (0.99 
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g, 6.6 mmol) was added the reaction mixture was then allowed to warm to room 
temperature and stirred for 2 hours. The reaction was neutralised using saturated aq. 
NH4Cl and the product extracted with Et2O (2 × 50 cm3), the combined organic layers 
were washed with water, dried and the solvent removed. None of the desired product 
was detected, only benzoic acid, racemised starting material contaminated with silyl 
side products and a trace amount of the aldol product below. 
 
i. Formation of (2S,2'S,4R,5S,5'R)-2,2'-di-t-butyl-4-hydroxy-5,5'-dimethyl-4,5'-bi(1,3-
dioxolanyl)-4'-one, 311 
 
A solution of LDA (13.2 mmol) in THF: hexane (72 cm3, 8:1) was 
prepared by the usual method and the reaction mixture was cooled 
to –78 oC. A solution of (2S,5S)-2-t-butyl-5-methyl-1,3-dioxolan-4-
one 9 (2.00 g, 12.0 mmol) in dry THF was added. 
The product was produced by reaction of the protonated 
dioxolanone starting material with the dioxolanone enolate formed 
by reaction of the starting material with LiHMDS. Rapid addition caused this product 
to be formed. The product was isolated as colourless crystals (2.59 g, 68%), mp 156 
oC; [α]D +22.66 (c = 0.75, CH2Cl2); (Found C 61.2, H 8.7. C16H28O6 requires C 60.7, 
H 8.9%); HRMS m/z (ES) 339.1780 (C16H28O6Na requires 339.1784); νmax/cm–1 
3479, 1776, 1374, 1351, 1285, 1264 and 1182; δH 0.91 (9 H, s, But), 0.98 (9 H, s, 
But), 1.35 (3 H, d, J 6.2, Me), 1.41 (3 H, s, Me), 3.12 (1 H, br s, OH), 4.35 (1 H, dq, J 
6.2, 0.78, CH-Me), 4.53 (1 H, s, CH-But) and 5.35 (1 H, s, CH-But); δC 13.9 (Me), 
18.8 (Me), 23.3 (But), 24.0 (But), 33.5 (C-But), 34.5 (C-But), 75.7 (C-5), 83.0 (C-5'), 
102.0 (C-OH), 109.7 (CH), 109.9 (CH) and 172.4 (C=O); m/z (ES) 339.19 (M+Na+, 
100%); Crystal structure G3. 
 
4.  FVP of addition products 
 
a. Pyrolysis of (2S,5S)-2-t-butyl-5-(1-ethoxycarbonyl-2-propyl)-5-phenyl-1,3-
dioxolan-4-one 273 70 
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FVP of the reactant 273 (0.1 g, 0.31 mmol) was achieved at 500 oC 
and 8.5 × 10–2 Torr. Purification was achieved by Kugelrohr 
distillation to give the product, ethyl 3-methyl-4-oxo-4-
phenylbutanoate 275 (0.039 g, 57%), as a pale yellow oil. [α]D –
0.44 (c = 0.9, THF) [lit.,70 +3.1, (c = 0.9, THF)]; δH 1.06 (3 H, t, J 
7.1, Me), 1.23 (3 H, d, J 7.2, CH3-CH), 2.46 (1 H, dd, J 16.8, 5.6, 
CH2), 2.96 (1 H, dd, J 16.8, 8.5, CH2), 3.97 (1 H, m, HC-Me), 4.1 (2 H, q, J 7.1, CH2-
Me), 7.47 (2 H, m, Ph), 7.56 (1 H, m, Ph) and 8.00 (2 H, m, Ph).  
Further analysis of e.e. was achieved by using the chiral shift reagent europium(D-3-
heptafluorobutyrylcamphorate)3, ¾ mol eq was added to the 1H NMR sample and 
showed that the product had been formed as a pair of enantiomers with at most a 5% 
excess of one enantiomer. 
 
b. Pyrolysis of (2S,5R)-2-t-butyl-5-(1-ethoxycarbonyl-2-propyl)-5-methyl-1,3-
dioxolan-4-one 274 70 
 
FVP of the reactant 274 (30.0 mg, 0.1 mmol) was achieved at 550 
oC and 4.8 × 10–2 Torr. Purification was achieved by Kugelrohr 
distillation to give the product, ethyl 3-methyl-4-oxopentanoate 
276 (9.9 mg, 80%) αD –21 (c = 1.1, MeOH), [lit,70 –47.2 (c = 1.1, 
MeOH)]; [δH 1.15 (3 H, d, J 7.3, Me), 1.25 (3 H, t, J 7.1, Me), 2.22 
(3 H, s, Me), 2.29 (1 H, dd, J 16.7, 5.4, CH2), 2.76 (1 H, dd, J 16.7, 
8.6, CH2), 2.95–3.08 (1 H, m, CH) and 4.11 (2 H, q, J 7.1, CH2-CH3)] and 
pivalaldehyde (70%); [δH 1.08 (9 H, s, But) and 9.50 (1 H, s, CH)] 
 Further analysis of e.e. was achieved by using the chiral shift reagent europium(D-3-
heptafluorobutyrylcamphorate)3: a small amount was added to the 1H NMR sample 
(amount was too little to be weighed) and showed that the product had been formed as 
a pair of enantiomers in a 1:4.5 ratio. 
 
c. Pyrolysis of (2S,5S,1'S)-2-t-butyl-5-(1-(4-methoxyphenyl)-2-nitroethyl)-5-phenyl-
1,3-dioxolan-4-one 166b 
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FVP of the reactant 166b (0.3 g, 0.75 mmol) was 
attempted at 600 oC (4.6 × 10–2 Torr),  500 oC (3.2 × 10–2 
Torr) and 450 oC (3.8 × 10–2 Torr).  In each case the 
starting material fragmented to give p-methoxystyrene, [δH 
3.81 (3 H, s, OMe), 5.11 (1 H, dd, J 11.0, 1.0, CH=CH2), 
5.60 (1 H, dd, J 17.6, 1.0 CH=CH2), 6.66 (1 H, dd, J 17.6, 
11.0, CH=CH2), 6.85 (2 H, d, J 8.5, Ar H-3, H-5) and 7.34 (2 H, d, J 8.5, Ar H-2, H-
6)], pivalaldehyde [δH 1.09 (9 H, s, But) and 9.48 (1 H, s, CHO)] and an unknown 
benzaldehyde derivative. 
 
d. Pyrolysis of (2S,5S,4'S)-2-t-butyl-5-(2-oxo-tetrahydrofuran-4-yl)-5-phenyl-1,3-
dioxolan-4-one 305 
 
FVP of the reactant 305 (24.0 mg, 78.8 µmol) was performed at 500 
oC and 3.8 × 10–2 Torr. Due to drop in pressure during the FVP some 
of the starting material proceeded through the furnace unchanged 
giving a product to starting material ratio of 3:1. A preparative TLC 
plate (silica, 100% ether) was used to separate the product from the 
starting material, giving the product (4S)-4-benzoyltetrahydrofuran-
2-one 306 as a yellow oil (10.8 mg, 72%). [α]D –11.3 (c = 0.56, CHCl3), [lit.,123 –19.6 
(c = 1.08, CHCl3)], e.e.= 58%; δH 2.81 (1 H, half AB pattern of d, J 17.8, 9.3, CH2-
C=O), 3.03 (1 H, half AB pattern of d, J 17.8, 7.4, CH2-C=O), 4.34–4.44 (1 H, m, 
CH), 4.48 (1 H, half AB pattern of d, J 9.0, 6.7, CH2O), 4.63 (1 H, half AB pattern of 
d, J 9.0, 8.5, CH2O), 7.50–7.57 (2 H, m, Ph), 7.62–7.68 (1 H, m, Ph) and 7.91–7.96 (2 
H, m, Ph); δC 30.9 (CH2-C=O), 42.1 (CH), 68.9 (CH2O), 128.5 (2 C, Ph), 129.1 (2 C, 
Ph), 134.2 (Ph, C-4), 134.8 (Ph, C-1), 175.4 (C=O) and 196.2 (C=O). 
 
5.  Additional reactions with nitrostyrene adducts 
 
a. Attempted hydrogenation of 166b 35 
A mixture of 166b (0.5 g, 1.25 mmol) and 10% Pd on carbon (0.2 g) in ethyl acetate 
(50 cm3) was placed in a 50 cm3 hydrogenation flask and stirred at room temperature 
under H2 until the required amount of H2 was absorbed (84 cm3).  The Pd/C was 
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removed by filtration through Celite and washed with ethyl acetate.  The 1H NMR 
indicated that only starting material was present. 
The above reaction was also attempted with addition of 1M HCl (15 cm3) to the 
reaction mixture and less 10% Pd on carbon (0.11 g).35 Upon completion the Pd/C 
was removed by filtration through Celite and washed with water.  The starting 
material precipitated out of solution and was removed by filtration.  The solvent was 
removed from the filtrate to yield a pale yellow solid.  The 1H NMR spectrum was 
taken in d6-DMSO.  Results were inconclusive. 
 
b. Attempted reduction of (2S,5S,1'R)-2-t-butyl-5-(1-(4-methoxyphenyl)-2-nitroethyl)-
5-phenyl-1,3-dioxolan-4-one 165b using NaBH4 124 
A 50 cm3 flask was equipped with a condenser and stirrer bar and 165b (2.0 g, 5 
mmol) was added and stirred in dry THF (20 cm3). The solution was cooled to 0 oC 
and 10% Pd/C (0.2 g) was added. NaBH4 (0.47 g, 12.5 mmol) was then added in three 
portions over 10 min. The ice bath was then removed and stirring continued at room 
temperature for 30 min. Excess NaBH4 was decomposed with 2 M HCl (until pH 6 
was observed) and Et2O was added. The solid was filtered off and the filtrate was 
washed with H2O (2 × 7 cm3) and dried and the solvent was removed. 1H NMR 
spectroscopic analysis showed that only the starting material was present. 
 
c. Attempted reduction of 165b using Raney Nickel  
Raney Ni (24.7 g) and the recovered starting material from the NaBH4 reaction 165b 
(0.66 g, 1.65 mmol) was stirred in a 1:1 mixture of ethanol:THF under N2 for ~ 5 
hours until TLC analysis indicated that all starting material had been consumed. The 
product was isolated by decanting the mixture off the Raney Ni through Celite. The 
Ni was then washed with hot acetone (AR, 3 × 45 cm3) which was filtered through the 
Celite. The product was then isolated by solvent removal as a yellow solid (0.70 g). 
Analysis of the 1H NMR spectrum was inconclusive as to product formation; there 
was some indication that the lactam might have formed, specifically the HRMS (ES) 
306.1096 (C17H17NO3Na+ requires 306.1106). 
 
d. Reduction of 166b using Raney Ni under hydrogen to give the γ-lactam, (3S,4S)-3-
hydroxy-4-(4-methoxyphenyl)-3-phenylpyrrolidin-2-one  300b. 
  76 
 
Raney Ni (24.00 g) and 166b (0.51 g, 1.27 mmol) were 
stirred in methanol (20 cm3) in a hydrogenation flask under 
hydrogen gas until the required amount of gas (85.3 cm3) 
was consumed. The mixture was filtered through a layer of 
Celite to remove the nickel. The filtrate was concentrated to 
yield the product 300b as a white powder (0.34 g, 94%). 
This was recrystallised from CH2Cl2 to give the pure product (0.2 g), mp 226–227 oC, 
[α]D –161.2 (c = 0.5, MeOH) (Found: C, 71.7; H, 6.0; N, 5.0. C17H17NO3 requires C, 
72.1; H, 6.1; N, 4.9%); νmax/cm–1 3301, 1772, 1612, 1516, 1464 and 1377; δH 3.53 (1 
H, m, CH2), 3.60 (1 H, dd, J 10.3, 7.8, CH2), 3.72 (3 H, s, OMe), 3.89 (1 H, dd, J 
10.3, 7.8, CH), 6.49 (1 H, br s, NH or OH), 6.61–6.62 (2 H, m, Ar), 6.69–6.74 (2 H, 
m, Ar), 6.99–7.04 (2 H, m, Ph) and 7.14–7.20 (3 H, m, Ph); δC 42.8 (CH2), 53.6 (CH), 
55.2 (OMe), 81.3 (C-OH), 113.3 (2 C), 126.1 (2 C), 127.5 (Ph-C1), 127.9 (1 C), 128.0 
(2 C), 129.6 (2 C), 137.9 (Ar-C1), 158.7 (Ar-C4) and 178.3 (C=O); m/z (ES) 306.14 
(M+Na+, 100%) 
 
e. Reduction of 165b using Raney Ni under hydrogen to give the γ-lactam, (3S,4R)-3-
hydroxy-4-(4-methoxyphenyl)-3-phenylpyrrolidin-2-one 300a 
 
Raney Ni (6.00 g) and 241 (0.45 g, 1.13 mmol) were stirred 
in methanol (20 cm3) as for the formation of 300b. The 
filtrate was concentrated to yield the product 300a as a white 
powder (0.32 g, 100%), recrystallised from CH2Cl2 (0.16 g), 
mp 220–222 oC (lit. 66 220-222 oC), [α]D –38.4 (c = 0.5, 
MeOH) [lit.,66 –37.9 (c = 0.5 MeOH)] (Found: C, 72.2; H, 
5.7; N, 5.1. C17H17NO3 requires C, 72.1; H, 6.1; N, 4.9%); νmax/cm–1 3327, 1700, 1517, 
1378, 1248, 1178 and 1028; δH (DMSO-d6) 3.45 (2 H, m, CH2), 3.60 (1 H, t, J 6.76, 
CH), 3.69 (3 H, s, OMe), 5.97 (1 H, s, NH), 6.75 (2 H, d, J 8.7, Ar), 6.97 (2 H, d, J 
8.7, Ar), 7.17- 7.31 (5 H, m, Ph) and 8.21 (1 H, s, OH); δC (DMSO-d6)  44.1 (CH2), 
53.5 (CH), 54.9 (OMe), 78.8 (C-OH), 112.9 (2 C), 126.4 (2 C), 126.7 (1 C), 127.4 (2 
C), 127.9 (Ph, C-1), 130.5 (2 C), 142.5 (Ar, C-1), 158.1 (Ar, C-4) and 176.1 (C=O); 
m/z (ES) 306.09 (M+Na+, 100%) 
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f. Hydrogenation of 296 with Raney nickel to give 3-hydroxy-4-(4-methoxyphenyl)-3-
methylpyrrolidin-2-one 301 
 
Raney Ni (12.00 g) and 296 (0.12 g, 0.35 mmol) were 
stirred in methanol (15 cm3) as 300a above. The filtrate was 
concentrated to yield the product 301 as a yellow powder 
(0.077 g, 100%), HRMS m/z (ES) 222.1131 (C12H16NO3 
requires 222.1130); νmax/cm–1 3384, 1564 and 1413; δH 0.75 
(3 H, s, Me), 3.29–3.39 (3 H, m, CH2, CH), 3.74 (3 H, s, 
OMe), 6.88 (2 H, d, J 9, Ar), 7.20 (2 H, d, J 9, Ar) and 7.81 (1 H, br s, OH); δC 19.2 
(Me), 40.9 (CH2), 50.8 (CH), 54.9 (OMe), 75.2 (C-OH),  113.4 (Ar C-3,5), 129.1 (Ar, 
C-2,6), 129.5 (Ar C-1), 158.0 (Ar C-4) and 178.2 (C=O); m/z (CI) 222.11 (M + H+, 
50%) and 204.10 (M +H+ - H2O, 100%). 
 
 
C  Preparation of additional α-hydroxy acids and the 
corresponding 1,3-dioxolan-4-ones and their alkylation 
 
1. α-Hydroxy acids 
 
a. (2S)-2-Hydroxy-3-phenylpropionic acid 6 125 
 
(S)-Phenylalanine (30 g, 0.18 mol) in dilute HCl (0.5 mol dm–3, 
780 cm3) was stirred at 0 oC until it dissolved and a solution of 
sodium nitrite (37.2 g, 0.54 mol) in water (70 cm3) was then 
added slowly.  The mixture was then stirred for 6 hours at 0 oC after which it was 
allowed to warm up to room temperature and left overnight to ensure all evolution of 
nitrous fumes had ceased indicating the reaction was complete.  The mixture was 
extracted with ethyl acetate which was then dried and the solvent removed under 
vacuum to give a cream solid.  This was recrystallised from ether/hexane to furnish 
the initial product as large colourless crystals. Further batches yielded smaller crystals 
to give the combined product (11.47 g, 38%), mp 125–128 oC (lit.,126 125.5 oC); [α]D –
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22.8 (c = 1, H2O), [lit.,127 [α]D –20.7, (c = 1, H2O)]; δH 3.00 (1 H, dd, J 13.9, 7.1, HA-
CH), 3.21 (1 H, dd, J 13.9, 4.3, HC-HB), 4.52 (1 H, dd, J 7.1, 4.3, H-C-OH) and 7.22–
7.37 (5 H, m, Ph). 
 
b. (2S)-2-Hydroxy-3-methylbutanoic acid 7 128 
 
(S)-Valine (20 g, 0.17 mol) was stirred in water (50 cm3) and part 
of a solution of aq. H2SO4 (4 mol dm–3, 47 cm3) was added slowly 
until complete dissolution occurred.  The mixture was then cooled 
to 0 oC.  Aq. sodium nitrite solution (47 cm3, 0.18 mol) was added 
dropwise simultaneously with the remaining aq. H2SO4 solution over 2 hours while 
maintaining the temperature at 0 oC.  The mixture was allowed to stir overnight at 
room temperature and then it was extracted with ethyl acetate which was then dried 
and the solvent removed.  Kugelrohr distillation of the residue furnished the product 
(5.05 g, 25%) as a colourless waxy solid, mp 43–53 oC (lit.,129 63–65 oC); [α]D +13.47 
(c = 2.1, CHCl3), [lit.,128 [α]D +15.4, (c = 2.1, CHCl3)]; δH 0.93 (3 H, d, J 6.8, Me), 
1.06 (3 H, d, J 7.0, Me), 2.11–2.24 (1 H, m, C-HMe2), 4.18 (1 H, d, J 3.5, CHOH) and 
7.37 (1 H, br s, OH). 
 
c. (2S)-2-Hydroxy-4-methylpentanoic acid 247d  
 
 (S)-Leucine (10 g, 76 mmol) in dilute HCl (0.5 mol dm–3, 260 
cm3) was stirred at 0 oC until it dissolved. A solution of sodium 
nitrite (15.77 g, 22 mmol) in water (~35 cm3) was added 
dropwise over 1.5–2 hours.  The mixture was then stirred at 0 
oC for 6 hours, after which it was allowed to warm up to room temperature and left 
overnight to ensure all evolution of nitrous fumes had ceased indicating the reaction 
was completed.  The product was extracted with ethyl acetate which was then dried 
and the solvent removed under vacuum. The crude product was purified by Kugelrohr 
distillation (70 oC, water pump) to give the product (3.13 g, 31%) as a colourless 
liquid. δH 0.98 (6 H, d, J 6.6, CH3), 1.60–166 (2 H, m, CH2,), 1.84–1.90 (1 H, m, CH-
Me2) and 4.26–4.34 (1 H, m, H-C-OH); δC 21.4 (CHMe), 23.2 (CHMe), 24.4 
(CHMe2), 43.2 (CH2), 68.9 (CHOH) and 180.3 (CO2H) 
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The presence of additional methyl group signals suggested that the product was not 
pure. 
 
d. (2S)-2-Hydroxy-3-methylpentanoic acid 315 
 
 (S)-Isoleucine (10 g, 76 mmol) in dilute HCl (0.5 mol dm–3, 
260 cm3) was stirred at 0 oC until it dissolved. A solution of 
sodium nitrite (15.77 g, 228 mmol) in water (~35 cm3) was 
added dropwise over 1.5–2 hours.  The mixture was then 
stirred at 0 oC for 6 hours, after which it was allowed to warm up to room temperature 
and left overnight to ensure all evolution of nitrous fumes had ceased indicating the 
reaction was completed.  The product was extracted with ethyl acetate which was then 
dried and the solvent removed.  A 1H NMR spectrum of the crude product indicated 
the correct product was formed in a 1:1.5 ratio of diastereomers due to the ratio of the 
methyl groups and it also contained some impurities.  It was purified by Kugelrohr 
distillation (~80 oC, water pump) to give the product (3.84 g, 38%) as a viscous 
colourless liquid. 
Minor isomer: δH 0.89 (3 H, d, J 6.8, Me), 1.06 (3 H, t, J 6.9, Me), 1.36 (2 H, m,  
CH2), 2.14 (1 H, m, CHMe) and 4.23 (1 H, d, J 6.7,  H-COH).  
Major isomer: δH 0.92 (3 H, t, J 7.4, Me), 1.03 (3 H, d, J 6.9, Me), 1.34 (2 H, m, CH2), 
2.10 (1 H, m, CHMe) and 4.19 (1 H, d, J 3.9, H-COH). 
 
e. (2S)-2-Hydroxy-4-(methylthio)butanoic acid 316 
 
 (S)-Methionine (5.0 g, 34 mmol) was stirred in water (12.5 
cm3) and part of a solution of aq. H2SO4 (11.75 cm3, 4 mol 
dm–3) was added slowly until complete dissolution occurred.  
The mixture was then cooled to 0 oC and aq. sodium nitrite 
(3.34 g, 48 mmol) was added simultaneously with the remaining H2SO4 over an hour.  
The mixture was kept at 0 oC for 2 hours and then warmed up to room temperature.  
The product was extracted with ethyl acetate which was then dried and the solvent 
removed under vacuum to yield the product (0.78 g, 15%). as a brown oil.  This 
decomposed on standing after a few months. δH 1.95–2.03 (1 H, m, CH2), 2.05 (3 H, 
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s, Me), 2.11–2.15 (1 H, m, CH2), 2.69 ( 2 H, t, J 7.0, CH2S) and 4.43 (1H, dd, J 8.1, 
3.9, H-COH); δC 15.3 (CH3), 29.7 (CH2-S), 32.9 (CH2-CHOH), 69.1 (C-OH) and 
178.1 (C=O). 
 
2.  1,3-Dioxolan-4-ones 
 
a. Preparation of (2S,5S)- 5-benzyl-2-t-butyl-1,3-dioxolan-4-one 11 1  
 
A solution of (+)-(2S)-2-hydroxy-3-phenylpropionic acid 6 (3.0 g, 18 
mmol) in dry pentane (30 cm3) with pivalaldehyde (2.3 g, 2.8 cm3, 18 
mmol), a catalytic amount of p-toluenesulfonic acid and a few drops 
of conc. H2SO4 was heated under reflux with a Dean-Stark trap for 9 
hours.  The solvent was removed and the product cooled in the freezer; on cooling the 
product solidified and was recrystallised from ether/pentane with cooling at –20 oC to 
induce crystallisation.  The product was removed in two batches to yield colourless 
crystals (3.29 g, 78%), mp 54–59 oC (lit.,1 56–58 oC); [α]D –48.19 (c = 1.8, CHCl3) 
[lit.,1 –45.9 (c = 1.8, CHCl3)]; δH 0.88 (9 H, s, But), 3.05 (1 H, dd, J 14.6, 7.4, Ph-
CHA), 3.22 (1 H, dd, J 14.6, 3.9, Ph-CHB), 4.48 (1 H, ddd, J 7.4, 3.9, 1.2, Bn-C-H), 
5.12 (1 H, d, J 1.2, But-C-H) and 7.22–7.33 (5 H, m, Ph). 
 
b. Preparation of (2S,5S)-2-t-butyl-5-isopropyl-1,3-dioxolan-4-one 12 1 
 
 A mixture of (2S)-2-hydroxy-3-methylbutanoic acid 7 (2.0 g, 
0.017 mol) with pivalaldehyde (2.76 cm3, 2.19 g, 25 mmol), 
pentane (20 cm3) a catalytic amount of p-toluenesulfonic acid and 
a few drops of conc. H2SO4 was heated under reflux with a Dean-
Stark trap for 6 hours. On completion of the reaction the mixture 
was washed with water, dried and the solvent removed. The crude product was then 
Kugelrohr distilled (80 oC, water pump) and an attempted recrystallisation at –78 oC 
was performed. Recrystallisation yielded a colourless liquid (2.15 g, 68%). Since the 
ratio of stereoisomers was almost 1:1 the presence of the undesired isomer prevented 
the recrystallisation of the desired isomer.  
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Major isomer: δH: 0.99 (9 H, s, But), 1.11 (6 H, d, J 6.9, Me), 2.16–2.25 (1 H, m, CH-
Me2), 4.09 (1 H, dd, J 4.0, 1.3, CH-C=O) and 5.10 (1 H, d, J 1.3, CH-But) 
Minor isomer: δH : 0.95 (9 H, s, But), 1.07 (6 H, d, J 7.0, Me), 2.08–2.17 (1 H, m, 
CH-Me2), 4.17 (1 H, dd, J 4.6, 1.6, CH-C=O) and 5.27 (1 H, d, J 1.6, CH- But). 
 
c. Preparation of (2S,5S)-2-t-butyl-5-isobutyl-1,3-dioxolan-4-one 318 
 
A solution of (+)-(2S)-2-hydroxy-4-methylpentanoic acid 247d 
(2.0 g, 15 mmol) in dry pentane (25 cm3) with pivalaldehyde 
(1.94 g, 2.4 cm3, 23 mmol), a catalytic amount of p-
toluenesulfonic acid and a few drops of conc. H2SO4 was heated 
under reflux with a Dean-Stark trap for 15 hours.  A colour 
change from clear to brown occurred after 2 hours.  Once cooled the solvent was 
removed and the resulting mixture, which was dark brown/black in colour, contained 
some of the starting aldehyde which was removed by Kugelrohr distillation (124 oC, 8 
mm/Hg) to afford the product (1.42 g, 47%) as a clear liquid as a 1:1.8 ratio of 
diastereomers. 
Major isomer: δH 0.97 (9 H, s, But), 0.99 (6 H, d, J 6.4, Me), 1.55–1.69 (1 H, m, CH-
Me2), 1.70–1.81 (1 H, m, CH2), 1.83–1.97 (1 H, m, CH2), 4.29 (1 H, ddd, J 9.3, 3.6, 
1.1, CH-C=O) and 5.14 (1 H, d, J 1.1, CH-But). 
 
d. Preparation of (2S,5S)-2-t-butyl-5-[(1S)-1-methylpropyl]-1,3-dioxolan-4-one 319   
  
A solution of (+)-(2S)-2-hydroxy-3-methylpentanoic acid 315 
(2.0 g, 15 mmol) in pentane (25 cm3) with pivalaldehyde (1.94 g, 
2.4 cm3, 23 mmol) a catalytic amount of p-toluenesulfonic acid 
and a few drops of conc. H2SO4 was heated under reflux with a 
Dean and Stark trap for 16 hours.  A gradual colour change from 
clear to dark brown was observed over the course of the reaction. Once cooled the 
solvent was removed to yield a brown liquid which was purified by Kugelrohr 
distillation (134 oC, 8 mm/Hg) to afford the product (1.81g, 60%) as a clear liquid as a 
1:1.2 ratio of diastereomers.  
O
O
O
Bu
t
Me
Me
O
O
O
Me
Me
Bu
t
  82 
Major isomer: δH  0.98 (3 H, m, CH2-Me), 0.99 (9 H, s, But), 1.07 (3 H, m, CH-Me), 
1.35 (2 H, m, Me-CH2), 1.91 (1 H, m, H-C-Me), 4.14 (1 H, dd, J 4.2, 1.2, H-C-C=O) 
and 5.09 (1 H, d, J 1.2, CH-But). 
Minor isomer: δH 0.95 (9 H, s, But), 0.98 (3 H, m, CH2Me), 1.08 (3 H, m, CHMe), 
1.60 (2 H, m, MeCH2), 2.10 (1 H, m, H-C-Me), 4.14 (1 H, m, H-C-C=O) and 5.26 (1 
H, d, J 1.6, CH-But). 
 
e. Preparation of (2S,5S)-2-methyl-5-[2-(methylthio)ethyl]-1,3-dioxolan-4-one 320  
 
A solution of (2S)-2-hydroxy-4-(methylthio)butanoic acid 316 
(2.0 g, 15 mmol) in dry pentane (25 cm3) with pivalaldehyde 
(1.29 g, 1.59 cm3, 15 mmol) a catalytic amount of p-
toluenesulfonic acid and a few drops of conc. H2SO4 was 
heated under reflux for 18 hrs with a Dean-Stark trap.  Once 
complete the reaction mixture was cooled, washed with water, the mixture was dried 
and the solvent removed under vacuum to yield a semicrystalline yellow oil (0.68 g, 
31%). 1H NMR spectroscopic analysis indicated a mixture of diastereomers in a 10:4 
ratio. 
Major diastereomer: δH 0.98 (9 H, s, But), 1.28 (3 H, s, CH3), 1.96–2.10 (1 H, m, 
CH2), 2.13–2.23 (1 H, m, CH2), 2.67 (2 H, t, J 7.3, CH2-S), 4.46 (1 H, ddd, J 7.7, 4.3, 
1.2, HC-C=O) and 5.16 (1 H, d, J 1.2, CH-But);  δC 15.2 (CH3), 23.4 (But), 29.3 (CH2), 
30.0 (CH2-S), 34.2 (C-Me3), 73.4 (CH-C=O), 109.5 (CH-But) and 173.3 (C=O). 
Minor diastereomer: δH 0.96 (9 H, s, But), 1.23 (3 H, s, CH3), 1.94–2.08 (1 H, m, CH2), 
2.14–2.25 (1 H, m, CH2), 2.65 (2 H, t, J 7.3, CH2-S), 4.51–4.56 (1 H, m, CH-C=O) 
and 5.29 (1H, d, J 1.4, CH-But); δc 15.2 (CH3), 23.2 (But), 29.3 (CH2), 30.1 (CH2-S), 
35.3 (C-Me3), 73.1 (CH-C=O), 110.5 (CH-But) and 173.4 (C=O). 
 
3.  Attempted alkylations of (2S,5S)-5-benzyl-2-t-butyl-1,3-dioxolan-4-one  
 
Attempted reactions with various electrophiles such as ethyl crotonate and 4-
methoxy-β-nitrostyrene have all resulted in the formation of the compound below as 
the major or sole product of the reaction when usual addition methods are employed. 
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a. Formation of (2S,2'S,4'R,5S,5'R)-5,5'-Dibenzyl-2,2'-di-tert-butyl-4-hydroxy-4,5'-
bi[1,3-dioxolanyl]-4'-one 321  
 
The product was produced by reaction of the protonated starting 
material 11 with the dioxolanone enolate formed by reaction of 
the starting material with LiHMDS. Rapid addition rather than 
steady addition caused this product to be formed. Giving a white 
solid in varying yields (50–70%), mp 174–175 oC; [α]D –45 (c = 
1, CH2Cl2); (Found: C, 71.6; H, 7.7. C28H36O6  requires C, 71.8; 
H, 7.7%); νmax/cm–1 1770; δH 0.51 (9 H, s, But), 0.93 (9 H, s, But), 2.98 (1 H, dd, J 14, 
4, CH2), 3.075 (1 H, d, J 14, CH2), 3.13 (1 H, dd, J 14, 10, CH2), 3.24 (1 H, d, J 14, 
CH2), 3.36 (1 H, d, J 1.7, OH), 4.55 (1H, ddd, J 10, 4, 1.7, CH-Bn), 4.58 (1 H, s, CH-
But), 5.33 (1 H, s, CH-But) and 7.17–7.34 (10 H, m, Ph); δC 23.0 (But), 24.1 (But), 
33.7 (C-Me3), 33.9 (C-Me3), 36.0 (CH2), 37.3 (CH2), 80.7 (CH-Bn), 87.0 (C-Bn), 
102.7 (C-OH), 110.0 (CH-But), 110.5 (CH-But), 126.5 (1 C), 127.3 (1 C), 128.4 (2 C), 
128.5 (2 C), 129.3 (2 C), 130.9 (2 C), 133.7 (Ph-C1), 138.4 (Ph-C1) and 171.5 (C=O); 
m/z (ES) 491.14  (M+Na+, 100%). 
 
b. Preparation of (2S,5S)-5-benzyl-2-t-butyl-5-(1-ethoxycarbonyl-2-propyl)-1,3-
dioxolan-4-one 323 
 
A solution of LiHDMS (2.1 mmol) in a mixture of dry THF/hexane 
(16 cm3, 8:1) was prepared using the usual method. The reaction 
was then cooled to –78 oC and (2S,5S)- 5-benzyl-2-t-butyl-1,3-
dioxolan-4-one 11 (0.5 g, 1.99 mmol) dissolved in THF (4 cm3) 
was added. The reaction temperature was kept at –78 oC for 15 min 
followed by addition of ethyl crotonate (0.23 g, 2.1 mmol). The 
reaction mixture was then warmed slowly from –78 oC to –10 oC over the course of 
2½ to 3 hours. On reaching this temperature it was neutralised with half saturated 
NH4Cl, the product was extracted with ether (50 cm3 × 2), dried and the solvent 
removed to yield a white solid. This reaction was repeated twice more and the crude 
products were combined (1.73 g). Purification was achieved by flash column 
chromatography (dry loaded, silica gel, Et2O/hexane, 3:7). Some racemic starting 
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material was recovered (0.12 g) and the product was also obtained (0.36 g, 17%) 
however it did contain a number of impurities; δH 0.63 (9 H, s, But), 0.89 (3 H, d, J 
3.6, CHMe), 1.26 (3 H, t, J 7.1, CH2CH3), 2.23 (1 H, half AB pattern of d, J 15.7, 
10.4, CH2CH), 2.56–2.64 (1 H, m, CHMe), 2.83 (1 H, half AB pattern of d, J 15.7, 
3.5, CH2CH), 3.23 (1 H, d, J 14.3, CH2-Ph), 3.47 (1 H, d, J 14.3, CH2-Ph)  4.15 (2 H, 
q, J 7.1, CH2CH3), 5.15 (1 H, s, HC-But) and 7.17–7.33 (5 H, m, Ph). Due to the small 
amount obtained and interference by impuities a 13C NMR spectrum was not obtained. 
The major product of the reaction was that listed in (a) above, the aldol product (0.53 
g, 53%). 
 
c. Attempted preparation of (2S,5R)-5-Benzyl-2-t-butyl-5-(1-(4-methoxyphenyl)-2-
nitroethyl)-1,3-dioxolan-4-one 322 66 
LiHMDS (11 mmol) in dry THF (50 cm3) was prepared in the usual way and was 
cooled to –78 oC again and (2S,5S)-5-benzyl-2-t-butyl-1,3-dioxolan-4-one 11 (1.66 g, 
10 mmol) dissolved in dry THF (11 cm3) was added slowly by syringe.  The solution 
was stirred at –78 oC for 30 mins, then warmed up to –20 oC for 30 mins and then 
recooled to –78 oC.  A solution of 1-methoxy-4-[(E)-2-nitrovinyl]benzene (1.79 g, 10 
mmol) in dry THF (8 cm3) was then added slowly by syringe and the mixture was 
stirred at –78 oC for 2 hours and then warmed up to room temperature and stirred 
overnight.  Aqueous NH4Cl (100 cm3) was added and the mixture was extracted with 
ether (2 × 60 cm3).  The combined organic layers were washed with water, dried and 
the solvent removed. Unfortunately analysis of the crude material indicated that the 
product had not formed and the aldol product described in (a) above (1.39 g, 42%) 
was obtained. 
 
D Bis-dioxolanone Formation and Alkylation Attempts 
 
1. Preparation of bis-dioxolanones 
 
a. Formation of 2-methyl-5-(2-methyl-5-oxo-1,3-dioxolan-4-yl)-1,3-dioxolan-4-one 
324 130 
 
  85 
(S,S)-Tartaric acid (10 g, 67 mmol) was ground up with a 
mortar and pestle and placed in a 3-necked flask and dry 
Et2O (100 cm3) was added. This was stirred for 5 min under 
a N2. Lithium perchlorate (14.26 g, 134 mmol) was added 
and the mixture was stirred once again for 5 min under N2. 
Acetaldehyde (5.9 g, 7.5 cm3, 134 mmol) was then added 
and the mixture was stirred at RT. After 2 ½ days the solution was washed with 
saturated aqueous NaHCO3 to remove any remaining tartaric acid. The organic layer 
was dried and the solvent removed to yield the product (1.85 g, 13.6%) as a colourless 
solid, mp 108–128 oC (lit.,130 118–120 oC); δH 1.61 (6 H, d, J 5.0, Me), 4.75 (2 H, s, 
HC-C=O) and 5.74 (2 H, q, J 5.0, H-C-Me). 
 
b. Attempted formation of 2-phenyl-5-(2-phenyl-5-oxo-1,3-dioxolan-4-yl)-1,3-
dioxolan-4-one 327  
The method as above with (S,S)-tartaric acid (5 g, 33 mmol), lithium perchlorate (7.02 
g, 66 mmol) and benzaldehyde (7 g, 6.7 cm3, 66 mmol) in Et2O (50 cm3) was used. 
Analysis of the 1H NMR spectrum of the crude mixture following unreacted tartaric 
acid removal indicated that no product had formed.  
 
c. Attempted formation of 2-t-butyl-5-(2-t-butyl-5-oxo-1,3-dioxolan-4-yl)-1,3-
dioxolan-4-one 325 
The method as above with (S,S)-tartaric acid (5 g, 33 mmol), lithium perchlorate (7.02 
g, 66 mmol) and pivalaldehyde (5.6 g, 66 mmol, in tBuOH) in Et2O (50 cm3) was 
used. Analysis of the 1H NMR spectrum of the crude mixture following unreacted 
tartaric acid removal indicated that no product had formed.  
 
d. Formation of 5-(2,2-dimethyl-5-oxo-1,3-dioxolan-4-yl)-2,2-dimethyl-1,3-dioxolan-
4-one 333 131 
 
 (S,S)-Tartaric acid (10.0 g, 66 mmol) and zinc chloride (16 
g, 117 mmol) were stirred at room temperature in AR grade 
acetone (400 cm3, 1.36 mol) until they dissolved fully. The 
mixture was then stirred for 48 h and the solvent was 
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removed under reduced pressure on completion of the reaction. The residue was then 
taken up in Et2O and washed with water, dried and the solvent removed. The crude 
product was Kugelrohr distilled to give the product (0.63 g, 4%) as a viscous brown 
liquid. The 1H NMR spectrum of the material indicated that although the desired 
product had formed there was still a large amount of impurities present; δH 1.59 (6 H, 
s, CH3), 1.66 (6 H, s, CH3) and 4.83 (2 H, s, H-C-C=O). 
 
2. Alkylation attempts 
 
a. Attempted alkylation of 2-methyl-5-(2-methyl-5-oxo-1,3-dioxolan-4-yl)-1,3-
dioxolan-4-one 331 
A solution of LDA (5 mmol) in THF (13 cm3) was prepared by the usual method and 
the reaction mixture was cooled to –78 oC. A solution of 324 (0.50 g, 2.5 mmol) in 
dry THF was added. The reaction mixture was kept at –78 oC for 30 min and then 
warmed –30 oC for 30 min. The reaction mixture was cooled once again to –78 oC and 
methyl iodide (0.7 g, 0.76 cm3, 5 mmol) was added. The solution was kept at –78 oC 
for 2 hours and then warmed up to room temperature and stirred for 2 hours. The 
reaction mixture was neutralised with aqueous NH4Cl and the product extracted with 
Et2O, dried and the solvent removed. An attempted separation by preparative TLC 
gave inconclusive results. 
 
b. Attempted deuteration of 2-methyl-5-(2-methyl-5-oxo-1,3-dioxolan-4-yl)-1,3-
dioxolan-4-one 332  
A solution of LDA (2.5 mmol) in THF (12 cm3) was prepared by the usual method 
and the reaction mixture was cooled to –78 oC. A solution of 324 (0.25 g, 1.2 mmol) 
in dry THF was added. The reaction mixture was kept at –78 oC for 30 min and then 
warmed –30 oC for 30 min. The reaction mixture was cooled once again to –78 oC and 
deuterium oxide (0.072 g, 0.05 cm3, 3.6 mmol) was added. The mixture was kept at –
78 oC for 2 hours and then warmed up to room temperature and stirred for 2 hours. 1H 
NMR spectrum analysis indicated that the desired deuterated product had not formed. 
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E Diels-Alder and 1,3-Dipolar Cycloaddition Reactions of (S)-2-t-
Butyl-5-methylene-1,3-dioxolan-4-one and Pyrolysis of the 
Products 
 
1. Synthesis of dioxolanones, dienes and dipoles 
a. Formation of (2S,5R)-5-bromo-2-t-butyl-5-methyl-1,3-dioxolan-4-one 180 82 
 
The reactants (2S,5S)-2-t-butyl-5-methyl-1,3-dioxolan-4-one (5.0 g, 
30 mmol), NBS (8.9 g, 50 mmol) and AIBN (0.15 g, 0.9 mmol) were 
heated under reflux in CCl4 (200 cm3) for 5 h.  The reaction mixture 
was then cooled to 0 oC and the succinimide was filtered off and the 
solvent was removed. The crude product was purified by Kugelrohr 
distillation to give the product (6.11 g, 85%) as a colourless light sensitive solid, mp 
46–49 oC (lit.,82 36–38 oC); [α]D +204.3 (c = 0.99, CHCl3) [lit.,82 +229.8 (c = 0.99, 
CHCl3)]; δH 1.01 (9 H, s, But), 2.22 (3 H, s, Me) and 5.22 (1 H, s, CHBut). 
 
b. Formation of (S)-2-t-butyl-5-methylene-1,3-dioxolan-4-one 82 82 
 
To a solution of (2S,5R)-5-bromo-2-t-butyl-5-methyl-1,3-dioxolan-4-
one 180 (9.12 g, 38 mmol) in toluene (70 cm3), DBU (6.09 g, 2.6 cm3, 
40 mmol) was added.  A rapid change in colour from clear to pale 
brown was noticed on addition of DBU.  The mixture was stirred 
overnight at room temperature and then filtered and the solvent removed. Purification 
was achieved by flash column chromatography (silica gel, Et2O/hexane, 1:2) to yield 
the product as a colourless oil (3.17 g, 52%). In some cases a solid could be obtained 
upon cooling this, mp –1 oC, [α]D –14.3 (c = 1.16, CHCl3), [lit.,86 -14.9 (c = 1.52, 
CHCl3)]; δH 0.98 (9H, s, But), 4.86 (1 H, dd, J 2.6, 0.3, CH), 5.13 (1 H, dd, J 2.6, 0.3, 
CH) and 5.44 (1 H, t, J 0.3, ButCH). 
(Note: Et3N could also be used and a more solid product was obtained) 
 
c. Preparation of ethyl azidoformate  
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This was prepared by the published method.132 To a solution of 
sodium azide (17.5 g, 0.27 mol) in ice cold distilled water (95 
cm3), ethyl chloroformate (25.0 g, 0.23 mmol) in Et2O (25 cm3) was added with 
constant stirring. The mixture was cooled for a further 3 hours. The organic layer was 
then separated and the solution was dried and the solvent removed giving the product 
as a clear liquid (21.2 g, 68%); δH 1.33 (3 H, t, J 7.1, CH3) and 4.27 (2 H, q, J 7.1, 
CH2). 
 
d. Preparation of tetrachlorothiophene 1,1-dioxide 352 133 
 
Tetrachlorothiophene (5.65 g, 25 mmol) was added to a solution 
of 3-chloroperbenzoic acid (50–55%, 21.38 g, 62 mmol) 
dissolved in warm 1,2-dichloroethane (96 cm3). The solution was 
heated under reflux for 24 hours. The solution was cooled and the 
MCPBA was filtered off. The solid was washed with cold 1,2-dichloroethane and the 
combined filtrate was washed with 10% sodium carbonate solution until no more acid 
was present. The solution was then dried and the solvent removed. A small amount of 
hexane was added to the residue, the mixture was cooled in ice and the crystals were 
filtered off and recrystallised from hexane to give the product (1.66 g, 26%), mp 85 
oC (lit.,133 90–91 oC).  
 
e.1. Preparation of benzaldehyde oxime 364134 
 
Benzaldehyde (21.22 g, 0.2 mol) was stirred at room temperature in a 
solution of sodium hydroxide (32 g, 0.8 mol) in water (120 cm3) while 
hydroxylamine hydrochloride was added. After 1 hour the mixture was 
homogeneous (no benzaldehyde detected). The solution was then diluted with a little 
water (~20 cm3) to redissolve some precipitate and the product was then precipitated 
out of solution by addition of solid CO2 pellets. The product was then extracted with 
CH2Cl2 followed by drying and solvent removal to furnish the product as a colourless 
solid (20.54 g, 85%); δH 7.36–7.43 (3 H, m, Ph), 7.55–7.61 (2 H, m, Ph), 8.16 (1 H, s, 
CH) and 8.55 (1 H, br s, OH) 
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e.2. Preparation of N-hydroxybenzimidoyl chloride 365134 
 
The benzaldehyde oxime 364 (20.54 g, 0.17 mol) was stirred in 
chloroform at 0 oC while chlorine gas was bubbled in. The solution 
turned blue, then yellow with strong HCl emission (caution was taken 
at this stage). The gas supply was removed once the solution remained yellow. The 
solvent was removed and the resulting solid was taken up in hot petroleum (bp 40–60 
oC), filtered and evaporated. The resulting oil crystallised on standing in the freezer to 
give pale yellow crystals (24.9 g, 94%) mp 44–45 oC (lit.,134 48 oC) δH 7.36–7.47 (3 H, 
m, Ph) and 7.79–7.89 (2 H, m, Ph). 
 
f. Preparation of diphenyldiazomethane 383135 
 
The reactants benzophenone hydrazone (5 g, 25 mmol), sodium 
sulfate (5.8 g, excess), ethanol (saturated with KOH, 2 cm3) and 
yellow mercuric oxide (13.5 g, 623 mmol) in Et2O (dry, 75 cm3) 
were shaken for 2 hours at room temperature. The mixture was filtered and the 
resulting solid washed well with Et2O. The combined filtrate was evaporated at room 
temperature to give a red oil, which was taken up in petroleum (bp 40–60 oC). A 
white solid precipitated out and was removed by filtration and the solvent was 
removed from the filtrate under water pump vacuum at room temperature. The residue 
was then dissolved in petroleum (bp 40–60 oC) and following filtration and 
evaporation a red oil was obtained which crystallised on cooling to give long dark 
purple needles, mp 27–30 oC (lit.,136 29–30 oC). 
Spectra were not taken for this compound. 
 
g.1. Preparation of N-phenylhydroxylamine 137 
 
Using the method of Kamm,137 a reaction was performed on 10% 
of the scale reported using nitrobenzene (50.0 g, 0.41 mol), 
ammonium chloride (25.0 g, 0.47 mol), zinc dust (62.0 g, 0.95 
mol) and water (800 cm3). The product was obtained as a 
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colourless solid (10g, 22%); δH 2.17 (1 H, s, NH or OH), 6.96–7.07 (3 H, m, Ph) and 
7.27–7.34 (2 H, m, Ph). 
 
g.2. Preparation of N,α-diphenylnitrone 375 
 
Using the method of Huisgen and co workers,138 reaction was 
performed on a fraction of the scale with N-phenylhydroxylamine 
317 (10.37 g, 0.095 mol) and benzaldehyde (10.08 g, 9.6 cm3, 0.095 
mol) to furnish the product as colourless crystals (9.91 g, 76%), mp 110–112 oC 
(lit.,138 111–113 oC); δH 7.45–7.52 (6 H, m, Ph), 7.76–7.81 (2 H, m, Ph), 7.93 (1 H, s, 
HC=N+) and 8.38–8.44 (2 H, m, Ph). 
 
h.1. Preparation of the ester, 2-propenyl 2-oxopropanoate  139 
 
Pyruvic acid (8.00 g, 0.09 mol) and allyl alcohol (7.92 g, 
0.136 mol) were heated under Dean-Stark conditions with 
cat. p-toluenesulfonic acid in toluene (300 cm3) for 18 hours. 
The reaction was allowed to cool and the mixture was then 
washed with saturated NaHCO3 (2 × 100 cm3) and water (100 cm3). The organic layer 
was dried and the solvent removed to yield the product (6.07 g, 52%) as a pale yellow 
oil; δH 2.48 (3 H, s, Me), 4.75 (2 H, dt, J 5.9, 1.3, OCH2), 5.33 (1 H, dt, J 10.4, 1.3, 
CH2), 5.41 (1 H, dt, J 17.2, 1.3, CH2) and 5.89–6.04 (1 H, m, CH). 
 
h.2. Preparation of oxime, (E)-2-propenyl 2-(hydroxyimino)propanoate 379 140 
  
To a stirred suspension of the ester, 2-propenyl 2-
oxopropanoate  (6.07 g, 47 mmol) in water (80 cm3) and 
hydroxylamine hydrochloride (3.59 g, 51.7 mmol) at room 
temperature, was added an aqueous solution (40 cm3) of 
sodium carbonate (5.47 g, 51.7 mmol). The reaction was stirred overnight and the 
product extracted into CH2Cl2 (2 × 100 cm3) which was washed with water (2 × 100 
cm3), dried and the solvent removed to yield the product. This was recrystallised from 
toluene to give the desired product (3.09 g, 45%) as colourless crystals, mp 84–85 oC 
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(lit.,140 86 oC); δH 2.12 (3 H, s, Me), 4.75 (2 H, dt, J 5.9, 1.3, OCH2), 5.29 (1 H, dt, J 
10.4, 1.3, CH2), 5.38 (1 H, dt, J 17.2, 1.3, CH2) and 5.98 (1 H, ddt, J 17.2, 10.4, 5.9, 
CH). 
 
h.3. Preparation of the nitrone, 5,6-dihydro-3,5-dimethyl-1,4-oxazin-2-one N-oxide 
378141 
 
The oxime 379 above (1.36 g, 9 mmol) and hydroquinone (2.25 g, 
20 mmol) in mesitylene (225 cm3) were stirred under reflux 
conditions for 28 hrs under a nitrogen atmosphere. The reaction 
mixture was allowed to cool to room temperature and the 
precipitated hydroquinone was removed by filtration and the filtrate was concentrated 
to yield a brown oil (by distillation). The crude product was purified by flash column 
chromatography (Silica gel, Et2O/hexane, 2:1) to furnish the product as a yellow oil 
(0.78 g, 57%). δH 1.58 (3 H, d, J 6.8, Me), 2.24 (3 H, d, J 1.2, =CMe), 4.11–4.20 (1 H, 
m, CH-Me), 4.28 (1 H, dd, J 12.1, 5.6, CH2) and 4.59 (1 H, dd, J 12.1, 3.6, CH2). 
 
2. Diels-Alder reactions 
 
a. Formation of spiro[2-t-butyl-1,3-dioxolan-4-one-5,2'-bicyclo[2.2.1]hept-5'-ene] 
206 86  
 
The reactants 82 (3.19 g, 20 mmol) and freshly distilled 
cyclopentadiene (6.54 g, 100 mmol) were stirred neat at room 
temperature in N2 atmosphere for 3 days (after 24 hours an 
additional 5 eq. of cyclopentadiene was added). The mixture 
was evaporated to yield a colourless viscous oil. The product was isolated from any 
unreacted starting material by flash column chromatography (silica gel, dry loaded, 
hexane). This was followed by flushing the column with diethyl ether to yield the 
product as a colourless oil (3.35g, 73%); [α]D +126.51 (c = 0.88, CHCl3); [lit.,86 +148.6 
(c = 0.88, CHCl3)]; δH 0.92 (9 H, s, But), 1.34 (1 H, dd, J 12.5, 4.0, H2C-7'), 1.50 (1 H, 
m, H2C-7'), 1.95 (1 H, br d, J 9.1, H2C-3'), 2.30 (1 H, dd, J 12.5, 3.6, H2C-3'), 2.96–
3.00 (1H, m, HC-1' or 4'), 3.15–3.18 (1 H, m, HC-1' or 4'), 5.15 (1 H, s, CH-But), 6.08 
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(1H, dd, J 5.6, 3.0, HC-5' or 6') and 6.45 (1 H, dd, J 5.6, 3.1, HC-5' or 6'); δC 23.2 
(But), 34.3 (C-Me3), 39.6 (C-3' or C-7'), 41.8 (C-1' or C-4'), 46.9 (C-3' or C-7'), 48.6 
(C-1' or C-4'), 85.5 (C-5/C-2'), 107.6 (C-2), 132.6 (C-5' or C-6'), 140.0 (C-5' or C-6') 
and 174.8 (C=O). 
 
b. Formation of (2S,5R,1'R,2'R,4'R,5'R)-spiro[2-t-butyl-1,3-dioxolan-4-one-5,6'-3'-
oxatricyclo[3.2.1.02'4']octane] 336  
 
The bicycle 206 (0.78 g, 3.5 mmol) was stirred in CH2Cl2 
(25 cm3) for 5 min. Sodium carbonate (5 g) was then added 
followed by addition of peracetic acid (40%, 0.532 g, 7.0 
mmol) in acetic acid. The reaction proceeded immediately 
with vigorous bubbling and the mixture was allowed to stir for 3 days. The mixture 
was filtered to remove the sodium acetate and the solvent was then removed to yield 
the product as colourless oil (0.67 g).1H NMR spectroscopic analysis indicated that 
the product had been formed in a 2:1 ratio with the starting material. The crude 
product was separated by flash column chromaography (silica gel, Et2O:hexane, 1:3). 
Fractions 7–8 contained starting material and fractions 9–11 contained starting 
material and solvent residues and fractions 13–16 contained the product (0.22 g, 26%) 
as a colourless liquid. νmax/cm–1 1787, 1639, 1485, 1407, 1348, 1289, 1245, 1208 and 
1175; δH 0.95 (9 H, s, But), 1.39–1.42 (1 H, dd, J 3.7, 1.8, H2C-8'), 1.45–1.47 (1 H, m, 
H2C-8'), 1.53 (1 H, dd, J 13.4, 3.8, H2C-7'), 2.21 (1 H, dd, J 13.4, 4.1, H2C-7'), 2.60 (1 
H, dd, J 3.7, 1.6, HC-1'), 2.77 (1H, q, J 1.3, HC-5'), 3.36 (1 H, half AB pattern of d, J 
3.7, 1.0, HC-4'), 3.38 (1 H, half AB pattern of d, J 3.6, 1.1, HC-2') and 5.17 (1 H, s, 
HC-But); δC 23.2 (But), 24.0 (C-8'), 34.4 (C-Me3), 36.2 (C-1'), 37.1 (C-7'), 42.9 (C-5'), 
48.2 (C-2'), 51.2 (C-4'), 85.1 (C-6'/ C-5), 108.1 (But-C) and 174.5 (C=O). 
m/z (ES) 261.20 (M + Na+, 3%),  M+ 100%, 281.15; M+ 23%, 195.07.  
 
c. Formation of (2S,5R,1'R,2'R,4'R,5'R)-spiro[2-t-butyl-1,3-dioxolan-4-one-5,6'-3'-
ethoxycarbonyl-3'-azatricyclo[3.2.1.02',4']octane] 339 
 
The starting materials 206 (0.55 g, 2.4 mmol) and 
ethyl azidoformate (0.828 g, 7.2 mmol) were placed 
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in a quartz reactor and positioned 15 cm from a 400 W mercury lamp. After 10 mins 
irradiation the solution changed colour from colourless to pale yellow and a stream of 
N2 gas was released. The reaction was left on for approximately 8 hours until the 
starting material was judged to be consumed (TLC). The crude product was purified 
by flash column chromatography (silica gel, dry loaded, Et2O:hexane, 1:1), to furnish 
the product (0.6 g, 81%) as pale yellow crystals mp 90–91 oC [α]D +61.76 (c = 0.102, 
CH2Cl2); (Found C, 62.0; H, 7.3; N, 4.2. C16H23NO5 requires C, 62.1; H, 7.5; N, 
4.5%); HRMS m/z (ES) 332.1474 (C16H23NO5Na requires 332.1474); νmax/cm–1 1789, 
1720, 1406, 1378, 1298, 1278, 1265, 1228, 1187 and 1173;  δH 0.95 (9 H, s, But), 1.29 
(3 H, t, J 7.0, CH3), 1.45–1.60 (3 H, m, H2C-7', H2C-8'), 2.17 (1 H, dd, J 12.9, 4.0, 
H2C-7'), 2.62–2.67 (1 H, m, HC-1'), 2.86–2.87 (1 H, m, HC-5'), 2.88 (1 H, m, HC-2'), 
2.96–3.00 (1 H, m, HC-4'), 4.02 (2 H, q, J 7.0, CH2CH3) and 5.16 (1 H, s, CH-But); δC 
14.3 (CH3 in OEt), 23.2 (But), 25.7 (C-8'), 34.4 (C-Me3), 35.0 (HC-2'),  35.4 (C-1'), 
37.5 (C-7'), 38.7 (HC-4'), 42.1 (C-5'), 62.5 (CH2 in OEt), 84.6 (C-6'/C-5), 108.0 (CH-
But), 163.8 (EtO-C=O) and 174.9 (C=O); m/z (ES+) 332 (M+Na+, 100%); Crystal 
structure G4. 
 
d. Formation of spiro[2-t-butyl-1,3-dioxolan-4-one-5,2'-bicyclo[2.2.2]oct-5'-ene] 341 
 
The reactants, 82 (1.51 g, 9.7 mmol), 1,3-cyclohexadiene (0.77 
g, 9.6 mmol) and toluene (15 cm3) were placed in a 50 cm3 
autoclave at 150 oC for 84 h. Once the reaction mixture had 
cooled the contents of the flask were washed into an 
evaporating flask using CH2Cl2 and the solvent was then removed to yield a brown 
liquid with black flecks (2.26 g). The 1H NMR spectrum showed that the product had 
formed but further purification was required. This was attempted by flash column 
chromatography (silica gel, Et2O/hexane, 1:4). Fractions 5–8 contained the product 
(0.98 g, 43%) as a yellow oil with a strong sweet smell. HRMS (CI) 237.1494 
(C14H21O3 requires 237.1491); νmax/cm–1 1789, 1407, 1367, 1342, 1289, 1252, 1178 
and 1113; δH 0.92 (9 H, s, But), 1.11–1.21 (1 H, m, HC-7' or HC-8'), 1.24–1.31 (1H, 
m, HC-7' or HC-8'), 1.54–1.58 (1 H, m, HC-3'), 1.58–1.61 (1 H, m, HC-7' or HC-8'), 
1.86–1.96 (1 H, m, HC-7' or 8'-H), 2.07 (1 H, dd, J 13.8, 2.2, 3'-H), 2.68–2.76 (1 H, 
m, HC-1' or HC-4'), 2.90–2.96 (1 H, m, HC-1' or HC-4'), 6.18–6.24 (1 H, m, HC-5' or 
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HC-6') and 6.4–6.46 (1 H, m, HC-5' or HC-6'); additional peaks present at 1.0, 1.23, 
2.85-2.91 (m) and 5.18 indicated presence of other diastereomers ; δC 19.0 (C-7' or 8'), 
23.3 (But), 23.5 (C-7' or 8'), 29.8 (C-1' or C-4'), 33.6 (C-1' or C-4'), 34.6 (C-Me3), 
39.2 (C-3'), 82.1 (C-2'/C-5), 107.4 (C-But), 130.7 (C-5' or C-6'), 135.2 (C-5' or C-6'), 
the position of C=O could not be obtained. m/z (CI) 237.15, (M+H+, 100%). 
 
e. Formation of spiro[2-t-butyl-1,3-dioxolan-4-one-5,2',1',4',5',6'-tetraphenyl-7'-
oxobicyclo[2.2.1]hept-5'-ene] 344 
 
The reactants 82 (3.50 g, 22.4 mmol) and 
tetraphenylcyclopentadienone (8.61g, 22.4 mmol) were 
heated under reflux in sodium dried toluene (25 cm3) for 
24 hours. The remaining unreacted starting material (0.69 
g) was removed by filtration and the solvent was then 
removed from the filtrate to yield a purple solid. 1H NMR spectroscopic analysis 
showed a large amount of the starting diene remained. Attempted purification by flash 
column chromatography (dry loaded; silica gel, Et2O/ hexane, 1:2) gave a fraction 
from which pale purple crystals (0.53 g) precipitated, mp 156–158 oC, which were 
identified as the partially reduced starting material 2,3,4,5-tetraphenylcyclopent-2-
enone (lit.,142160–163 oC) which was by far the major product of the reaction; HRMS 
m/z (ES) 409.1586 (C29H22ONa+ requires 409.1568); νmax/cm–1 1692, 1550 and 1463; 
δH 3.75 (1 H, d, J 2.5, 4-H), 4.56 (1 H, d, J 2.5, 5-H) and 6.89–7.34 (20 H, m, Ph); δC 
57.6 (C-4) 63.0 (C-5), 127.0 (Ph), 127.1 (Ph), 127.5 (Ph), 127.7 (Ph), 128.1 (Ph), 
128.2 (Ph), 128.4 (Ph), 128.9 (Ph), 129.0 (Ph), 129.4 (Ph), 129.8 (Ph), 131.7 (C1-Ph), 
134.4 (C1-Ph), 139.3 (C1-Ph), 140.0 (C1-Ph), 141.4 (C-CO), 168.9 (C-3) and 205.9 
(C=O); m/z (ES) 409.13 (M+Na+, 100%) 
The filtrate from these fractions was concentrated to yield a purple solid (0.45 g) 
which was recrystallised from toluene to yield the desired product (0.06 g, 5%) as 
purple crystals mp 178–180 oC; [α]D –292.5 (c =0.04, CH2Cl2); HRMS m/z (ES) 
563.2197 (C37H32O4Na requires 563.2198); νmax/cm–1 1795, 1782, 1377, 1242 and 
1139; δH 0.74 (9 H, s, But), 3.10 and 3.21 (2 H, AB pattern, J 12.8, CH2), 3.61 (1 H, s, 
CH-But), 6.66–6.72 (2 H, m, Ph), 6.86–6.97 (6 H, m, Ph), 7.06–7.16 (3 H, m, Ph), 
7.16–7.31 (7 H, m, Ph) and 7.52–7.57 (2 H, m, Ph); δC 23.0 (But), 34.9 (CMe3), 42.4 
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(C-3'), 62.0 (C-4'), 87.0 (C-2'/C-5), 109.7 (C-But), 127.1 (Ph), 127.2 (Ph), 127.3 (Ph), 
127.5 (Ph), 127.6 (Ph), 127.8 (Ph), 127.9 (Ph), 128.0 (Ph), 128.2 (Ph), 128.5 (Ph), 
129.1 (Ph), 129.3 (Ph), 130.1 (Ph), 130.9 (Ph), 132.1 (Ph), 133.4 (Ph), 145.2 (C-ipso), 
174 (C=O) and 197.5 (C-7'); (C-2', C-4' C-ipso, C=O and C-7' were assigned by 
HMBC) m/z (ES) 563.22 (M+ Na+, 10%) and 407.13 (M+–CO and dioxolanone, 
100%). 
 
f. Formation of spiro[2-t-butyl-1,3-dioxolan-4-one-5,9'-1',8'-diphenyl-11'-
oxatricyclo[6.2.1.02',7']undeca-2',4',6'-triene] 345 and 349 
 
The reactants 82 (3.11 g, 19.9 
mmol) and 1,3-
diphenylisobenzofuran (4.85 
g, 17.9 mmol) were heated 
under reflux in toluene (30 cm3) for 36 h then cooled and the solvent was removed to 
yield a bright yellow solid (7.86 g). 1H NMR spectroscopic analysis indicated that the 
product had formed however there was still a large amount of diene remaining. The 
material was subjected to flash column chromatography (dry loaded; silica gel, 
Et2O/hexane, 1:2) followed by preparative TLC (Et2O/hexane, 1:3) to give the major 
product, (2S,5R,1'R,8'S)-spiro[2-t-butyl-1,3-dioxolan-4-one-5,9'-1',8'-diphenyl-11'-
oxatricyclo[6.2.1.02',7']undeca-2',4',6'-triene] 345 (1.58 g, 25%) as pale yellow crystals, 
mp 155–156 oC; [α]D –16.4 (c = 1, CH2Cl2); (Found: C, 79.45; H, 6.45. C28H26O4 
requires C 78.9; H, 6.2%); νmax/cm–1 1795, 1345, 1311, 1285, 1243 and 1143; δH 0.76 
(9 H, s, But), 2.77 and 2.86 (2 H, AB pattern, J 12.3, HC-10'), 4.26 (1 H, s, CH-But), 
6.90–6.96 (1 H, m, Ph), 7.14–7.29 (4 H, m, Ph), 7.42–7.55 (5 H, m, Ph), 7.60–7.67 (2 
H, m, Ph) and 7.74–7.80 (2 H, m, Ph); δC 23.0 (Me3), 34.8 (C-Me3), 49.3 (CH2), 88.0 
(C-1' or C-8'), 88.2 (C-1' or C-8'), 93.8 (C-9'/C-5), 109.4 (C-But), 118.7 (p-C), 122.2 
(p-C), 125.5 (2 C, Ph), 126.3 (2 C, Ph), 126.7 (Ph), 128.0 (Ph), 128.3 (2 C, Ph), 128.5 
(2 C, Ph), 128.5 (2 C, Ph), 134.7 (Ph), 137.2 (Ph), 141.3 (Ph, C-1), 149.3 (Ph, C-1) 
and 171.9 (C=O); Crystal structure: G5. 
The minor diastereomer, (2S,5R,1'R,8'R)-spiro[2-t-butyl-1,3-dioxolan-4-one-5,9'-
1',8'-diphenyl-11'-oxatricyclo[6.2.1.02',7']undeca-2',4',6'-triene] 349 (probable 
stereochemistry shown), was obtained in a mixed fraction with the major 
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diastereomer. It could not be isolated in pure form but the following data was 
obtained: δH 0.84 (9 H, s, But), 2.37 (1 H, d, J 11.9, HC-10'), 3.14 (1 H, d, J 11.9, HC-
10'), 5.39 (1 H, s, CH-But), 7.00 (1 H, m, Ph), 7.20–7.26 (4 H, m, Ph), 7.40–7.55 (5 
H, m, Ph), 7.59–7.65 (2 H, m, Ph), 7.72–7.80 (2 H, m, Ph); δC 23.2 (Me3), 35.8 (C-
Me3), 49.1 (CH2), 87.0 (Ph-C-O (x2)), 91.0 (C-C=O), 109.6 (C-But), 119.1 (p-C), 
122.3 (p-C), 125.2 (2C), 126.4 (2C), 126.8 (1C), 128.3 (1C), 128.4 (2C), 128.5 (2C), 
128.6 (2C), 134.6 (q-C, benzo), 137.4 (q-C, benzo), 141.3 (Ph, C-1), 149.1 (Ph, C-1) 
and 172.5 (C=O). 
A possible third isomer was also detected in very small quantaties: δH 0.98 (1 H, s, 
But), 2.44 and 2.94 (2 H, AB pattern, J 11.7, CH2), 4.91 (1 H, s, CH-But) and 6.8–7.86 
(14 H, m, aromatic). 
 Apart from some recovered diene starting material (0.84 g), a large amount of the 
oxidised starting material, the diketone 1,2-dibenzoylbenzene (2.39 g, 55%) was 
isolated, mp 142–146 oC (lit.,143,144 146–148 oC); δH 7.26 (2 H, s, Ph), 7.38 (4 H, m, 
Ph), 7.52 (2 H, m, Ph), 7.62 (2 H, s, Ph) and 7.70 (4 H, m, Ph); δC 128.3, 129.7, 129.9, 
133.0, 137.1, 140.0 and 196.6 (C=O); m/z (ES) 309.04 (M+Na+, 100%). 
 
g. Preparation of spiro[2-t-butyl-1,3-dioxolan-4-one-5,5'-1',2',3',4'-
tetrachlorocyclohexa-1',3'-diene] 354 
 
A solution of 82 (1.53 g, 0.9 mmol), and 
tetrachlorothiophene 1,1-dioxide 352  (2.49 g, 9 mmol) in 
CH2Cl2 (25 cm3)was stirred for 11 days. The solvent was 
then removed and the residual yellow solid recrystallised 
from CH2Cl2/hexane. Pure product (1.33 g, 43%) was 
isolated as pale yellow crystals, mp 86–87 oC; [α]D +8.6 (c = 0.5, CH2Cl2); (Found: C, 
41.9; H, 3.4, C12H24Cl4O3 requires C 41.7; H, 3.5%); νmax/cm–1 1797, 1611, 1481, 
1466, 1260, 1205, 1113, 1110 and 1058; δH 0.98 (9 H, s, But), 2.93 (1 H, d, J 18.8, 
CH2), 3.58 (1 H, d, J 18.8, CH2) and 5.48 (1 H, s, CH-But); δC 23.2 (But), 34.6 (C-
Me3), 42.3 (CH2), 110.8 (CH-But), 127.4 (2 × C-Cl), 131.2 (2 × C-Cl) and 177.4 
(C=O); m/z (CI+) 345.95 (M+, 12.5%) and 260.89 (M+–CO–C4H10, 100). 
 
3. FVP of Diels-Alder adducts 
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a. Pyrolysis of spiro[2-t-butyl-1,3-dioxolan-4-one-5-2'-bicyclo[2.2.1]hept-5'-ene] 206 
 
FVP of the reactant 206 (50 mg, 0.22 mmol) was performed at 
500 oC and 7.5 × 10–2 Torr. The starting material underwent a 
retro Diels-Alder reaction followed by partial fragmentation to 
give pivalaldehyde (6.3 mg, 9%); [δH 1.08 (9 H, s, But) and 
9.49 (1 H, s, COH)], cyclopentadiene (21%) [δH 2.98–3.00 (2 H, m, CH2), 6.45–6.48 
(2 H, m, H-2,5) and 6.55–6.59 (2 H, m, H-3,4)] and the starting dienophile 82 (32%) 
[δH 0.98 (9 H, s, But), 4.86 (1 H, d, J 2.6, CH),  5.13 (1 H, d, J 2.6, CH) and 5.44 (1H, 
s, HC-But)]. The remainder of material consisted of volatile components which could 
not be isolated (CO) and material remaining in the inlet tube (12.8 mg). 
 
b. 1. Pyrolysis of (2S,5S,1'R,5'R)-spiro[2-t-butyl-1,3-dioxolan-4-one-5,6'-3'-
oxatricyclo[3.2.1.02',4']octane] 336 to give 3-oxatricyclo[3.2.1.02,4]octan-6-one 337 
 
FVP of 336 (0.207g, 0.86 mmol) was performed at 550 oC 
and 3.8 × 10–2 Torr. 1H NMR spectroscopic analysis 
indicated that although the product had been formed there 
were impurities present. The 13C NMR spectrum confirmed 
this analysis. Purification was achieved using preparative TLC (Et2O/hexane, 1:3) to 
give the product 337 (0.015g, 14%) as a white solid at Rf ~0.25-0.4; [α]D +310 (c = 
0.22, CHCl3), [lit.,145 +321 (c=2.1, CHCl3) for 86% e.e.], e.e. 83%; δH 1.21–1.27 (1 H, 
br m, H2C-8), 1.67–1.75 (1 H, m, H2C-8), 1.92 (1 H, dd, J 17.7, 4.7, H2C-7), 2.11 (1 
H, dd, J 17.7, 3.9, H2C-7), 2.80–2.83 (1 H, m, HC-1), 2.85–2.88 (1 H, m, HC-5), 
3.27–3.30 (1 H, m, HC-2) and  3.42–3.46 (1 H, m, HC-4); δC 25.0 (C-8), 35.1 (C-1), 
39.6 (C-7), 46.9 (C-5), 50.8 (C-2), 51.8 (C-4) and 211.8 (C=O). 
Rf 0.1-0.15 contained an as yet unidentified side product (0.031 g) which was 
believed to be 6-formylcyclo-2-hexen-1-one; δH 3.02–3.11 (1 H, m CH), 6.08 (1 H, dt, 
J 9.9, 2.1, 3-H) and 6.93-7.00 (1 H, m, 2-H). Other peaks may have been present but 
these were obscured by the impurities; δC 29.7 (CH2), 64.0 (CH), 130.0 (C-2), 148 (C-
3) and 207.0 (CHO). 
 
b. 2. Attempted preparation of 6-formyl-2-cyclohexen-1-one 338 146 
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Method 1: Sodium ethoxide (~0.1 mol) was first prepared by reaction of sodium 
metal (2.3 g, 0.1 mol) in excess ethanol under N2 in a 3 necked flask. The excess 
ethanol was removed under vacuum and the flask was then filled with toluene (100 
cm3) and a mixture of ethyl formate (7.4 g, 99 mmol) and cyclohexeneone (4.8 g, 49 
mmol) was added and the solution was heated at reflux for 2 hours. The mixture was 
then cooled and left standing, stoppered and unstirred overnight. The reaction mixture 
was poured into a separating funnel and the reaction vessel was washed with ice water 
and ether, addition of ether. The mixture was separated and the aqueous layer was 
collected and acidified with 2M HCl (to pH 4) and the product was extracted with 
ether which was dried and evaporated. The crude product was then Kugelrohr 
distilled. No product was isolated. 
 
Method 2: 147 Preparation of sodium dust: Sodium (0.5 g, 0.02 mol) was placed in a 
100 cm3 flask containing xylene (30 cm3). The flask was then heated (oil bath, 140 oC) 
until the sodium began to soften. The stirrer was then switched on and once beads of 
sodium had begun to form, the heat was switched off and the flask remained in the oil 
bath to cool slowly with stirring. Once at room temperature the xylene was decanted 
off and the sodium dust was washed with ether (2 × 30 cm3). 
 
Cyclohexenone (2.0 g, 0.02 mol) was added to the sodium dust (0.5 g, 0.02 mol) and 
ether (15 cm3). After 5 mins the colour of the solution had changed gradually to 
green/blue. Ethyl formate (1.48 g, 0.02 mol) was then added (colour went gradually 
green to brown). The mixture was left stirring for 3 days and then poured into 
aqueous NH4Cl and extracted with ether which was dried and evaporated. None of the 
product was formed from this reaction. 
 
Method 3: This was performed as above however after addition of cyclohexenone the 
solution was heated under reflux for 17 hours. The mixture was then cooled and ethyl 
formate was added, stirred for an hour and then worked up as above. 1H NMR 
spectrum analysis indicated that product may have formed but in very small amounts.  
 
Method 4: This was performed as method 2 but heated at reflux after addition of 
formate for 2 hours. There was no increase in product formation. 
  99 
 
c. FVP of (2S,5R,1'R,2'R,4'R,5'R)-spiro[2-t-butyl-1,3-dioxolan-4-one-5,6'-3'-
ethoxycarbonyl-3'-azatricyclo[3.2.1.02',4']octane 339 
 
FVP of 339 (0.1959 g, 0.6 mmol) was performed at 
525 oC and 3.5 × 10–2 Torr. 1H NMR spectroscopic 
analysis indicated that although the product had 
formed, some starting material still remained in a 
1:1 ratio. Purification was achieved using a preparative TLC plate (1:1, Et2O, hexane). 
The product, 340 Rf ~0.55-0.65 separated from the starting material was an isomer of 
the starting material formed by opening and closing of the ring to give an R- as 
opposed to S- stereocentre at C-2 giving (2R,5R,1'R,2'R,4'R,5'R)-spiro[2-t-butyl-1,3-
dioxolan-4-one-5,6'-3'-ethoxycarbonyl-3'-azatricyclo[3.2.1.02',4']octane (0.1 g, 51%) 
as a white crystalline solid, mp 122–123 oC; [α]D –18.86 (c = 0.082, CH2Cl2); HRMS 
m/z (CI) 310.1653 (C16H24NO5 requires 310.1654); νmax/cm–1 1789, 1720; δH  0.97 (9 
H, s, But), 1.29 (3 H, t, J 7.1, CH3), 1.46–1.63 (2 H, m, H2C-8', H2C-7'), 1.63–1.72 (1 
H, m, H2C-8'), 2.00 (1 H, dd, J 12.6, 4.2, H2C-7'), 2.61–2.68 (1 H, m, HC-1'), 2.76 (1 
H, dd, J 2.9, 1.5, HC-5'), 2.82–2.89 (1 H, m, HC-2'), 3.10 (1 H, half AB pattern of d, J 
12.4, 5.3, HC-4'), 4.16 (2 H, q, J 7.1, CH2-CH3) and 5.09 (1 H, s, CH-But); δC 14.3 
(CH3(OEt)), 23.3 (But), 25.7 (C-8'), 34.6 (C-Me3), 34.8 (C-2'),  35.8 (C-1'), 37.7 (C-
7'), 38.2 (C-4'),  44.7 (C-5'), 62.5 (CH2-(OEt)), 84.6 (C-5/C-6'), 108.7 (CH-But), 162.0 
(EtO-C=O) and 174.9 (C=O) (C-H positions identified by HSQC analysis combined 
with conventional spectra); m/z (CI) 310.17 (M+H, 10%), 224.09 (100) and 196 (65); 
Crystal structure: G6. 
 
d. Pyrolysis of spiro[2-t-butyl-1,3-dioxolan-4-one-5,2'-bicyclo[2.2.2]oct-5'-ene] 341 
FVP of the reactant 341 (0.21 g, 0.88 mmol) was attempted at 
500 oC and 2.8 × 10–2 Torr. The starting material underwent a 
retro Diels-Alder reaction giving the starting dioxolanone 
dieneophile 82, [δH 0.98 (9 H, s, But), 4.6 (1 H, d, J 2.7, CH), 
5.44 (1 H, d, J 2.7, CH) and 5.36 (1 H, s, CH-But)]; some starting material, [δH 0.92 (9 
H, s, But), 1.11–1.31 (2 H, m, H2C-7'/ H2C-8'), 1.54–1.6 (2 H, m, HC-3' and HC-7' or 
HC-8'), 1.86–1.96 (1 H, m, HC-7' or 8'-H), 2.07 (1 H, dd, J 13.8, 2.2, 3'-H), 2.60–2.96 
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(2 H, m, HC-1' and HC-4'), 6.18–6.24 (1 H, m, HC-5' or HC-6') and 6.4–6.46 (1 H, m, 
HC-5' or HC-6')] and pivalaldehyde which was the major product of the reaction, [δH 
1.08 (9 H, s, But) and 9.48 (1 H, s, CHO)]. The yield for this reaction was not 
determined. 
 
e. 1. Pyrolysis of spiro[2-t-butyl-1,3-dioxolan-4-one-5,2',1',4',5',6'-tetraphenyl-7'-
oxobicyclo[2.2.1]hept-5'-ene 344  
 
FVP of the reactant 344 (9 mg, 21 µmol) was performed at 
500 oC and 2.3 × 10–2 Torr. The starting material underwent 
a retro Diels-Alder reaction to give pivalaldehyde, δH 1.01 
(9 H, s, But) and 9.40 (1 H, s, CHO), the starting 
dioxolanone 82 δH 0.90 (9 H, s, But), 4.79 (1 H, d, J 2.7, 
CH), 5.06 (1 H, d, J 2.7, CH) and 5.37 (1H, s, CH-But) and tetracyclone δH 6.82–6.88 
(8 H, m, Ph) and 7.03–7.21 (12 H, m, Ph). 
 
e. 2. Attempted preparation of 1,2,3,4-tetraphenylbenzene (believed side product of 
compound 344 FVP)148,149 
Step 1: The reactants, maleic anhydride (0.55 g, 5.6 mmol) and tetracyclone (2.16 g, 
5.6 mmol) were heated at 155–160 oC carefully for 1 hour until the red colour 
disappeared. The oil bath was then allowed to cool slowly with stirring of the solution 
to give the product 3,4,5,6-tetraphenyl-7-oxo-1,2,3,6-tetrahydro-3,6-methano-
benzene-1,2-dicarboxylic anhydride as a pale purple solid (2.62 g, 97%), mp 215–217 
oC (lit.,148 220 oC); δH 4.49 (2 H, s, CH-C=O), 6.71–6.77 (2 H, m, Ph), 6.89–7.10 (3 H, 
m, Ph), 7.31–7.45 (3 H, m, Ph) and 7.63–7.70 (2 H, m, Ph). 
Step 2: The product from step 1 (2.62 g, 5.4 mmol) was heated for 10 mins at 235–
240 oC using Kugelrohr distillation (no vacuum was required) to give loss of the CO 
bridge generating 3,4,5,6-tetraphenyl-1,2-dihydrophthalic anhydride. Some starting 
material remained following distillation, therefore purification was required. This was 
achieved by flash column chromatography (silica gel, dry loaded, Et2O/hexane, 1:2). 
Partially hydrogenated starting material was obtained in early fractions. A column 
flush with Et2O furnished the desired product as a yellow solid (1.04g, 43%) mp 250–
O
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252 oC (lit.,148,149 255 oC); δH 6.70–6.79 (2 H, m, Ph), 6.89–6.96 (3 H, m, Ph), 7.10–
7.16 (2 H, m, Ph) and 7.20–7.27 (2 H, m, CH). 
Step 3: A solution of the product from step 2 in acetonitrile was exposed to a medium 
pressure mercury lamp ~200 W (and 400 W). After 24 hours (3 working days) of 
exposure no reaction had occurred. 
 
f. Pyrolysis of 345 
 
FVP of the reactant 345 (0.25 g, 0.586 mmol) was 
performed at 550 oC and 3.1 × 10–2 Torr. The starting 
material underwent a retro Diels-Alder reaction giving the 
starting diene as a luminous yellow solid at the furnace 
exit, mp 126–130 oC (lit.,150 128–130 oC); δH 6.99–7.10 (2 H, m, Ph), 7.30–7.34 (2 H, 
m, Ph), 7.45–7.53 (4 H, m, Ph), 7.83–7.89 (2 H, m, Ph) and 7.93–7.99 (4 H, m, Ph); 
δC 120.1 (Ph), 124.8 (Ph-o or m), 125.1 (Ph), 126.9 (Ph) and 128.9 (Ph-o or m). 
Volatile components isolated in the cold trap were: pivalaldehyde, [δH 1.07 (9 H, s, 
But) and 9.46 (1 H, CHO)] and the starting dioxolanone, [δH 0.97 (9 H, s, But), 4.84 (1 
H, d, J 2.6, CH2), 5.12 (1 H, d, J 2.6,CH2) and 5.42 (1 H, s, CH-But)]. 
 
g. 1. Pyrolysis of of spiro[2-t-butyl-1,3-dioxolan-4-one-5,5'-1',2',3',4'-
tetrachlorocyclohexa-1',3'-diene] 354 
 
FVP of the reactant 354 (99.7 mg, 0.28 mmol) was 
performed at 550 oC and 2.3 × 10−2 Torr. The cold trap 
contained pivalaldehyde and no trace of the expected 
product tetrachlorophenol was seen. The solid 
brown/orange product obtained was 2,3,4,5-
tetrachlorobenzoic acid 356 in a quantitative yield (determined by dissolution in 
acetone and solvent removal). The melting point was unobtainable due to 
decomposition; νmax/cm–1 1797; δH (CD3SOCD3) 8.08 (1 H, s, Ph); δC (CD3SOCD3) 
128.8 (C), 129.3 (C-H), 131.8 (C), 133.6 (C), 133.7 (C) and 164.7 (C=O). One C 
signal not apparent, possibly under 128.8 peak. 
 
g. 2. Preparation of 2,3,4,5- tetrachlorobenzoic acid 356 151 
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Sodium hydroxide (0.2 g, 5 mmol) was dissolved in water (10 
cm3) in a 15 cm3 PTFE autoclave liner, and tetrachlorophthalic 
anhydride (1.4 g, 4.8 mmol) was added. The liner was placed 
within a sealed autoclave and heated for 7 hours in a 200 oC 
oven. Once cooled the reaction mixture was rinsed into a conical 
flask with 150 cm3 of 2% NaOH solution and upon acidification with conc. HCl, the 
product precipitated out of solution. The product was obtained as a white solid in 
quantitative yield, mp 193–194 oC (Lit.,151 194–195 oC); δH (CD3SOCD3) 8.00 (1 H, s, 
CH); δC (CD3SOCD3) 128.9 (C), 129.3 (CH), 131.8 (C), 133.6 (C), 133.7 (C), and 
164.9 (C=O). As above, one C not apparent. 
  
4. Other methods to remove 1,3-dioxolan-4-one – Cobalt catalyst 
 
a. Formation of the catalyst 359 
a.1. Prep of the ligand precursor- diethyl o-phenylenebis(oxamate) 357 152 
 
Ethoxalyl chloride (7 cm3, 8.4 g, 63 mmol) was added 
dropwise to a solution of o-phenylenediamine (3.3 g, 3 
mmol) in THF (150 cm3). The resulting pink mixture was 
heated under reflux for 30 mins and then filtered to eliminate 
the solid residue. The filtrate was evaporated under reduced 
pressure to give the crude product as an oily residue. Slow addition of water resulted 
in the formation of the pure product as a white powder (9.0 g, 97%) which was 
collected by filtration and dried under vacuum.  
δH (CD3SOCD3) 1.32 (6 H, t, J 7.1, CH3), 4.31 (4 H, q, J 7.1, CH2), 7.30 (2 H, dd, J 
6.0, 3.6, Ph), 7.58 (2 H, dd, J  6.0, 3.6, Ph) and 10.4 (2 H, br s, NH). 
 
a.2. Formation of the ligand 358 153 
 
A methanolic solution (150 cm3) of diethyl o-
phenylenebis(oxamate) 357 (9.0 g, 29 mmol) was treated 
with 3 equivalents of methylamine (33% in ethanol) (8.14 g, 
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87.5 mmol) at room temperature. The mixture was heated to 65 oC for 30 mins with 
vigorous stirring and after cooling, the white precipitate was filtered off, washed with 
methanol and ether and dried under vacuum to give a white powder (8.0 g, 98%). 
δH (CD3SOCD3) 2.73 (6 H, d, J 4.9, NHMe),  7.27 (2 H, dd, J 6.0, 3.6, 4,5-Ph), 7.59 
(2 H, dd, J 6.0, 3.5, 3,6-Ph),  8.95 (2 H, q, J 4.8, NHMe)  and 10.43 (2 H, br s, NH). 
 
a.3. Preparation of the Co(III) oxamate complex 359 154 
 
A 25% methanolic solution (20 cm3) of 
Me4NOH (4.55 g, 50 mmol) was added to 
a suspension of the proligand 358 (2.78 g, 
10 mmol) in methanol (200 cm3). A 
methanolic solution (100 cm3) of 
Co(ClO4)2.6H2O (3.65 g, 10 mmol) was 
then added dropwise with vigorous 
stirring, under aerobic conditions at room temperature. An air current was then drawn 
through the reaction mixture to complete the metal oxidation. The final dark brownish 
reaction mixture was filtered through a layer of Celite under vacuum to eliminate the 
ammonium perchlorate salts and any side products  produced during the course of the 
reaction. The solution volume was reduced to 20 cm3 under vacuum and then treated 
successively with ether and acetone to give a red/brown oil.  
The desired complex was obtained as a hygroscopic, dark red/brown powder after 
vigorously stirring the oil with acetonitrile in a stoppered flask for several hours. The 
powder obtained was filtered off rapidly, dried under vacuum and stored in a 
dessiccator over NaOH pellets (~ 0.21 g, 4%). The low yield was partly due to filter 
blockage. 
Due to the para-magnetic nature of cobalt a proton NMR spectrum was not obtained. 
It was decided however to test the obtained product to see if oxidative 
decarboxylation could be achieved on a readily available α-hydroxy acid using the 
general procedure employed below. 
 
b. General procedure for the catalytic decarboxylation55 
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A solution of α-hydroxy acid (0.22 mmol) in acetonitrile (0.4 cm3) was added to a 
stirred mixture of the Co(III) complex LAP-169 (13.0 × 10–3 mmol) and 
pivalaldehyde (0.66 mmol) in acetonitrile (0.4 cm3) under an atmosphere of oxygen. 
The mixture was stirred at room temperature until consumption of the starting 
material occurred according to TLC analysis. The catalyst was then removed by 
filtration through Celite to yield the crude product.  
 
c. Test reaction with mandelic acid to form benzaldehyde 
Following the above procedure, reaction went to completion in 4 hrs. 
1H NMR analysis indicated that a residual amount of pivalaldehyde was present in 
conjunction with pivalic acid δH 1.23 (9 H, s, But) and the desired product 
benzaldehyde was also observed δH 7.51–7.59 (2 H, m, Ph), 7.60–7.68 (1H, m, Ph), 
7.87–7.92 (2 H, m, Ph) and 10.03 (1H, s, CHO). The yield for this reaction was not 
determined. 
 
d. General procedure for the hydrolysis of the dioxolanone ring in Diels-Alder 
adducts using KOH 55 
The Diels-Alder adduct (1 mmol) was treated with 5% ethanolic KOH (2.5 cm3, 2 
mmol), at room temperature until reaction was deemed to be complete by TLC 
analysis.  The solution was then poured into ice and acidified with 1 M HCl until pH 
~2 was reached The aqueous mixture was extracted with EtOAc (3 × 50 cm3), the 
organic layers were washed with brine, dried and the solvent removed under vacuum 
to give the desired product. 
 
e. Hydrolysis of 345 – to give 9-hydroxy-1,8-diphenyl-11-
oxatricyclo[6.2.1.02,7]undeca-2,4,6-triene-9-carboxylic acid 360 
 
The method as above was used but with 2.25 cm3 of 5% KOH to 
ensure formation of the unwanted diketone did not occur as on 
previous attempts. 
Reaction proceeded for 2 hrs and after workup, the crude 
product was purified by flash column chromatography (silica 
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gel, Et2O/hexane, 1:2, dry loaded). The starting material was removed to yield the 
product 360 as a white solid (0.35g) though a small amount of impurity remained. 
δH 2.64 (1 H, d, J 12.0, CH2), 3.03 (1 H, d, J 12.0, CH2) and 6.93–6.98 (1 H, m, Ph), 
7.01–7.28 (3 H, m, Ph), 7.36–7.53 (6 H, m, Ph) and 7.61–7.73 (4 H, m, Ph); δC 48.3 
(CH2), 60.4 (PhC-O), 84.2 (PhC-O), 88.4 (C-OH), 119.2 (Ph), 120.6 (Ph), 126.3 (2 C, 
Ph), 126.4 (3 C, Ph), 127.6 (Ph), 128.2 (2 C, Ph), 128.44 (2 C, Ph), 128.47 (2 C, Ph), 
134.4 (Ph), 137.8  (Ph) 143.3 (C-1, Ph), 149.5 (C-1, Ph) and 173.5 (C=O). 
 
f. Attempted treatment of 360 with Co complex to give 9-hydroxy-1,8-diphenyl-11-
oxatricyclo[6.2.1.02,7]undeca-2,4,6-triene-9-carboxylic acid 351 
The starting material 351 (0.03g, 0.08 mmol), the Co complex (0.001g, 0.002 mmol) 
and pivalaldehyde (0.02 g, 0.25 mmol) were stirred in acetonitrile (1 cm3) under an O2 
atmosphere for 7 working days (56 hours). The solution was filtered and the solvent 
removed. A 1H NMR spectrum of the resulting solution was not clear as to whether 
the product had formed. Attempted purification by preparative TLC (ether/hexane, 
2:1) led to the starting material being recovered (0.03 g) therefore no reaction took 
place. 
 
5. 1,3-Dipolar cycloadditions 
 
a. Attempted preparation of spiro[2-t-butyl-1,3-dioxolan-4-one-5,5'-4',5'-dihydro-3'-
phenylisothiazole] 362 
The alkene 82 (1.28 g, 7.68 mmol) and the diopole precursor, 5-phenyl-1,3,4-
oxathiazol-2-one 361 (2.96 g, 16.5 mmol) were heated under reflux in xylene (50 
cm3) for 28 hr and an additional equivalent of the dipole precursor was added. The 
reaction was heated for a further 48 hrs and then evaporated. 1H NMR spectroscopic 
results were inconclusive so an attempted separation was performed by flash column 
chromatography (silica gel, Et2O/hexane, 1:2). Only starting material 82, benzonitrile 
and elemental sulfur were isolated from the column.  
 
b. Preparation of (2S,5R)-spiro[2-t-butyl-1,3-dioxolan-4-one-5,5'-4',5'-dihydro-3'-
phenylisoxazole] 366155,156 
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A mixture of 82 (1.50 g, 9 mmol) and benzhydroximoyl chloride 
365 (1.50 g, 9.6 mmol) was stirred in Et2O (50 cm3) at 0 oC, while a 
solution of triethylamine (1.01 g, 10 mmol) in Et2O (8 cm3) was 
added dropwise over 30 mins. The mixture was stirred for a further 
30 mins at room temperature. The precipitate, triethylamine 
hydrochloride, was filtered off and the filtrate was washed with water. The etheral 
layers were dried and evaporated to give a pale yellow solid. Recrystallisation using 
Et2O/CH2Cl2/hexane gave the pure product 366 as colourless needles (0.55 g, 22%). 
The residue on evaporation was also reasonably clean product (1.88g, 76%), mp 107–
109 oC; [α]D +1  (c = 1, CH2Cl2); (Found: C, 65.5; H, 6.3; N, 5.2, C15H17NO4 requires 
C, 65.4; H, 6.2; N, 5.1%); νmax/cm–1 1804, 1349, 1256, 1198, 1187, 1177 and 1065; δH 
1.00 (9 H, s, But), 3.52 and 3.94 (2 H, AB pattern, J 17.8, CH2), 5.49 (1 H, s, CH-But), 
7.41–7.49 (3 H, m, Ph) and 7.66–7.72 (2 H, m, Ph); δC  23.1 (But), 34.3 (C-Me3), 42.3 
(CH2), 105.28 (C-5/C-5'), 109.0 (C-But), 127.0 (2 C, o or m), 127.8 (C-ipso), 129.0 (2 
C, o or m), 131.1 (p-C), 156.8 (C=N) and 167.0 (C=O); m/z (ES+) 298.21, (M+Na+, 
100%); Crystal structure: G7. 
 
c. Preparation of spiro[2-t-butyl-1,3-dioxolan-4-one-5,5'-4',5'-dihydro-3'-
methylisoxazole] 367155,156 
 
A solution of nitroethane (0.83 g, 11 mmol) and triethylamine (1 
drop) in toluene (1 cm3) was stirred at room temperature and a 
solution of phenyl isocyanate (1.3 g, 11 mmol) and 82 (1.6 g, 10 
mmol) in toluene (1.2 cm3) were added dropwise over 1 hr. An 
initial colour change from pale/colourless to canary yellow along 
with rapid heating was observed. A cold water bath was introduced to prevent boiling 
of the solvent. Extended reaction time gave a more intense colour to the mixture and a 
precipitate was observed in solution. Once the reaction was deemed complete, the 
precipitate was filtered off and the solvent removed under vaccum. The resulting oil 
was taken up in hexane and CH2Cl2 and left to crystallise. The solid impurity was 
filtered off and the filtrate evaporated to give the product 367 as an orange oil (1.46 g, 
68%). [α]D +20.65 (c = 1.22, CH2Cl2); HRMS m/z (CI) 214.1085 (C10H16NO4 requires 
214.1079); νmax/cm–1 1810, 1762, 1720, 1670 and 1596; δH 0.97 (9 H, s, But), 2.11 (3 
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H, dd, J 1.1, 0.8, CH3), 3.07 (1 H, half AB pattern of q, J 18.2, 0.8, CH2), 3.55 (1 H, 
half AB pattern of q, J 18.2, 1.1, CH2) and 5.42 (1 H, s, CH-But); δC 12.7 (Me), 23.1 
(But), 34.2 (C-Me3), 45.6 (CH2), 90.9 (C-5), 108.9 (CH-But), 155.6 (C=N) and 167.0 
(C=O); m/z (CI) 214.11 (M+H+, 8%) and 128.03 (M+–ButCHO, 100%). 
 
d. Attempted preparation of spiro[2-t-butyl-1,3-dioxolan-4-one-5,5'-4',5'-dihydro-
1',3'-diphenylpyrazole] 370 
A mixture of 82 (1.50 g, 9 mmol) and 1-(chloro(phenyl)methylene)-2-
phenylhydrazine 368 (2.20 g, 9.6 mmol) were stirred in Et2O (50 cm3) at 0 oC, while a 
solution of triethylamine (1.01 g, 10 mmol) in Et2O (8 cm3) was added dropwise over 
30 mins. The mixture was stirred for a further 30 mins at room temperature. The 
precipitate, triethylamine hydrochloride, was filtered off and the filtrate was washed 
with water. 1H NMR spectroscopic analysis of the crude mixture indicated that the 
unreacted starting material 82 was present. 
 
e. Attempted preparation of spiro[2-t-butyl-1,3-dioxolan-4-one-5,4'-4',5'-dihydro-1'-
phenyl-1,2,3-triazole] 372 
Compound 82 (1.6 g, 10 mmol) and phenyl azide (1.19 g, 10 mmol) were stirred in 
ether (10 cm3) at room temperature for a week. No reaction had occurred according to 
1H NMR spectroscopic analysis and only starting material remained. 
A solvent-free photochemical reaction of the above starting materials was attempted 
with a 400 W mercury lamp. An initial rapid stream of N2 was released and this 
subsided to give a slow steady stream. After 2 hrs the N2 evolution was almost 
finished, 1H NMR analysis indicated that none of the desired reaction had occurred 
and only starting material remained together with phenyl azide photolysis products. 
 
f. Attempted preparation of spiro[2-t-butyl-1,3-dioxolan-4-one-5,4'-1'-
ethoxycarbonyl-4',5'-dihydro-1,2,3-triazole] 373 
The reactants 82 (1.6 g, 10 mmol) and ethyl azidoformate (1.72 g, 15 mmol) were 
stirred neat at room temperature for 32 hours. After this time no reaction occurred 
according to 1H NMR spectroscopic analysis. 
The mixture was then placed in a quartz tube in the absence of solvent and photolysed 
using a 400 W mercury lamp. Despite an initial stream of N2 gas monitoring by TLC 
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showed that none of the desired reaction had occurred after 5.5 hours. This was 
confirmed by 1H NMR spectroscopic analysis after chromatography (Et2O/hexane, 
1:1) to remove the unreacted azide and its photolysis products. 
 
g. Preparation of (2S,5R,3'R)-spiro[2-t-butyl-1,3-dioxolan-4-one-5,5'-2',3'-
diphenyltetrahydroisoxazole] 377 
 
The reactants 82 (1.6, 10 mmol) and N,α-diphenylnitrone 375 
(1.97 g, 10 mmol) were stirred in ether (20 cm3) for 15 mins. As 
the nitrone was only sparingly soluble in ether, CH2Cl2 (5 cm3) 
was added to aid solubility. The reaction solution went from 
milky white to buttermilk in colour. The mixture was allowed to 
react for 1 week and any unreacted starting material was removed by filtration. The 
solvent was evaporated to give the desired product which needed further purification. 
Purification was achieved by flash column chromatography (silica gel, Et2O/hexane, 
1:8) to give the desired product as a mixture of diastereomers. Recrystallisation in 
methanol allowed separation of a quantity of the pure major isomer 377 (0.54g, 15%) 
mp 113–114 oC; [α]D +160 (c =  0.1, CH2Cl2); (Found: C, 71.3; H, 7.0; N, 4.3. 
C21H23NO4 requires C, 71.4; H, 6.55; N, 4.0%); HRMS: m/z (CI) 354.1693 
(C21H24NO4 requires 354.1705); νmax/cm–1 1803, 1599, 1488, 1322, 1246, 1176 and 
1061; δH 0.99 (9 H, s, But), 2.78 (1 H, dd, J 13.7, 8.1, CH2),  3.26 (1 H, dd, J 13.7, 8.1, 
CH2), 4.58 (1 H, t, J 8.1, CH-Ph), 5.47 (1 H, s, CH-But), 6.99–7.09 (3 H, m, Ph), 
7.16–7.24 (2 H, m, Ph), 7.31–7.40 (3 H, m, Ph) and 7.44–7.50 (2 H, m, Ph); δC 23.2 
(But), 34.4 (C-Me3), 46.6 (CH2), 71.7 (CH), 102.7 (C-5), 109.0 (CH-But), 119.0 (2 C, 
Ph), 124.9 (Ph), 127.5 (2 C, Ph) 128.3 (Ph), 128.6 (2 C, Ph), 128.8 (2 C, Ph), 137.9 
(C-1, Ph), 148.8 (Ph-C-N) and 168.0 (C=O); m/z (CI) 354.17 (M + H+, 31%), 353.16 
(M+, 50%), 286.10 (M+ – ButCHO, 70%), 222.09 (M+ – dioxolanone, – H+, 59%) and 
87.06 (pivalaldehyde, 95%); Crystal Structure: G8. 
 
h. Preparation of spiro[2-t-butyl-1,3-dioxolan-4-one-5,8'-3',6a'-
dimethylhexahydroisoxazolo[3,2-c]-1,4-oxazin-6'-one] 380 
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The reactants 82 (0.85 g, 5 mmol) and 5,6-dihydro-3,5-
dimethyl-1,4-oxazin-2-one N-oxide 378 (0.78 g, 5 mmol) 
were stirred in Et2O (5 cm3) for 2 weeks with monitoring 
by TLC. The solvent was then removed and 1H NMR 
analysis of the residue indicated that the product had 
formed but residual starting material remained. The product was purified by flash 
column chromatography (silica gel, dry loaded; Et2O/hexane, 1:4). The product 380 
was obtained as a pale yellow oil (0.72 g, 46%); [α]D +3.0 (c = 0.2, CH2Cl2); (Found: 
C, 55.3; H, 6.5; N, 4.0. C14H21NO6 requires C, 56.2; H, 7.1; N, 4.7%); HRMS: m/z 
(ES) 322.1258 (C14H21NO6Na requires 322.1267); νmax/cm–1 1805, 1748, 1484, 1326, 
1251, 1201, 1153 and 1069;  δH 0.97 ( 9 H, s, But), 1.16 (3 H, d, J 6.0, CH3), 1.75 (3 
H, s, CH3), 2.62 (1 H, d, J 14.0, HC-7'), 3.15 (1 H, d, J 14.0, HC-7'), 3.26-3.38 (1 H, 
m, C-3'), 4.02 (1 H, dd, J 11.6, 10.6, H2C-4'), 4.21 (1 H, dd, J 11.6, 3.2, H2C-4'), and 
5.38 (1 H, s, CH-But); δC 14.1 (C-3'-Me), 23.1 (But), 24.8 (C-6a'-Me), 34.4 (C-Me3), 
45.9 (C-7'), 46.9 (C-6a' (C-N)), 55.1 (C-3'), 70.0 (C-4'), 104.4 (C-5/C-9'), 109.3 (C-
But), 167.5 (C=O) and 170.5 (C=O); m/z (ES) 322.04 (M+Na+, 100%); Crystal 
Structure: G9. 
 
i. Preparation of (2S)-spiro[2-t-butyl-1,3-dioxolan-4-one-5,3'-3',4'-dihydro-5H-
pyrazole] 382 
 
The dioxolanone, 82 (0.6 g, 3.8 mmol), was placed in a conical 
flask with Et2O (10 cm3) in an ice bath, and an excess of 
diazomethane/Et2O (preparation as of Vogel157) was distilled into 
the solution. Once this was complete the reaction mixture was 
allowed to warm up to room temperature and stirred overnight to allow any unreacted 
gas to disperse. The solvent was then removed to yield the desired product 382 as a 
yellow viscous oil (0.62 g, 82%); HRMS m/z (CI) 199.1092 (C9H15N2O3 requires 
M+H+, 199.1083); νmax/cm–1 1797, 1721, 1366, 1289, 1223 and 1158; δH 1.03 (9 H, s, 
But), 1.73 (1 H, ddd, J 13, 9, 6, CH2), 2.20 (1 H, ddd, J 13, 9, 4, CH2), 4.62 (1 H, ddd, 
J 18, 9, 6, CH2), 4.87 (1 H, ddd, J 18, 9, 4, CH2) and 5.84 (1 H, s, But); δC 23.3 (But), 
24.5 (CH2), 34.6 (C-Me3), 77.3 (CH2), 110.5 (C-But), 114.2 (C-5/3') and 168.2 (C=O); 
m/z (CI+) 199.11 (M+H+, 1%) and 95.02 (M+–CO, ButCHO, 100%)  
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j. Preparation of (2S)-spiro[2-t-butyl-1,3-dioxolan-4-one-5,1'-2',2'-
diphenylcyclopropane] 385 
 
The reactants 82 (0.9 g, 5.7 mmol) and LAP-209 
diphenyldiazomethane 383 (1.10 g, 5.7 mmol) were stirred in 
Et2O (10 cm3) for 5 days and monitored by TLC. No reaction had 
occurred so the contents of the reaction vessel were transferred 
into a quartz tube and irradiated with a 400 W mercury lamp for 2 
hours. After this time TLC analysis indicated that a reaction had taken place. The 
material was separated by flash column chromatography (silica, dry loaded, 
Et2O/hexane, 12:1) to furnish the product as a yellow/orange oil (0.25 g, 12.5%); 
HRMS m/z (CI) 323.1642 (C21H23O3 (M+H) requires, 323.1647); νmax/cm–1 3057, 
2360, 1443, 1320; δH 0.96 (9 H, s, But), 2.16 and 2.26 (2 H, AB pattern, J 6.7, CH2), 
5.38 (1 H, s, CH-But), 7.27–7.35 (2 H, m, Ph), 7.45–7.52 (3 H, m, Ph) and 7.56–7.63 
(2 H, m, Ph) 7.78–7.84 (3 H, m, Ph); δC 23.2 (But), 22.6 (CH2), 34.5 (CMe3), 44.7 (C-
Ph2), 67.9 (C-5/1'), 109.2 (CH-But), 127.0 (Ph), 127.4 (Ph), 128.3 (2 C, Ph), 128.34 
(Ph), 128.7 (Ph), 129.0 (Ph), 129.2 (Ph), 130.0 (2 C, Ph), 137.6 (C-1, Ph) and 138.8 
(C-1, Ph) and 171.5 (C=O); m/z (ES) 345.11 (M+Na+, 100%) 
 
k. Attempted preparation of spiro[2-t-butyl-1,3-dioxolan-4-one-5,5'-3'-
ethoxycarbonyl-4',5'-dihydropyrazole] 385 
The reactants 82 (1.00 g, 6.4 mmol) and ethyl diazoacetate (0.73 g, 6.4 mmol) were 
stirred in CH2Cl2 (8 cm3) for 6 days with TLC monitoring. No reaction had occurred 
after this time so the contents of the reaction vessel were transferred into a quartz tube 
and irradiated with a 400 W mercury lamp for 5 hours. After this time it was not clear 
as to whether a reaction had taken place. The solution was evaporated and residue 
purified by flash column chromatography (silica, dry loaded, Et2O/hexane, 12:1). 
Analysis of the fractions obtained was inconclusive as to whether the expected 
product had formed. 
 
6. FVP of 1,3-dipolar cycloadducts 
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a. Pyrolysis of (2S,5R)-spiro[2-t-butyl-1,3-dioxolan-4-one-5,5'-4',5'-dihydro-3'-
phenylisoxazole] 366 
FVP of the reactant 366 (0.1109 g, 0.40 mmol) was performed at 
550 oC and 4.4 × 10−1 Torr. 1H NMR spectroscopic analysis of the 
cold trap material indicated that no starting material remained. 
Substances obtained exclusively were pivalaldehyde (80%),[δH 0.99 
(9 H, s, But) and 9.39 (1 H, s, CH)]; and benzonitrile (95%), [δH 
7.36–7.43 (2 H, m, Ph) and 7.50–7.61 (3 H, m, Ph)]; 
The formation of ketene was determined by repeating the pyrolysis and adding a 
small amount of ethanol directly into the cold trap immediately after isolation of the 
trap from the vacuum system. This gave ethyl acetate (40%), [δH  1.17 (3 H, t, J 7.1, 
CH3) 1.96 (3H, s, CH3) and 4.04 (2 H, q, J 7.1, CH2)]. 
 
b. Pyrolysis of spiro[2-t-butyl-1,3-dioxolan-4-one-5,5'-4',5'-dihydro-3'-
methylisoxazole] 367 
 
FVP of the reactant 367 (0.1454 g, 0.68 mmol) was performed at 
550 oC and 4.4 × 10−1 Torr. 1H NMR spectroscopic analysis of the 
cold trap material indicated that no starting material remained. 
Substances obtained exclusively were pivalaldehyde (59%), [δH 1.08 
(9 H, s, But) and 9.47 (1 H, s, CHO)]; acetonitrile (54%), [δH 2.01 (3 
H, s, CH3)]. 
 As described above the formation of the ketene was determined by addition of a few 
drops of ethanol to the cold trap following pyrolysis. This gave ethyl acetate, (23%), 
[δH  1.26 (3 H, t, J 7.1, CH3) 2.05 (3H, s, CH3) and 4.12 (2 H, q, J 7.1, CH2)]. 
 
c. Pyrolysis of (2S,5R,3'R)-spiro[2-t-butyl-1,3-dioxolan-4-one-5,5'-2',3'-
diphenyltetrahydroisoxazole] 377 
 
FVP of the reactant 377 (0.0629 g, 0.17 mmol) was performed at 
550 oC and 5.4 × 10−1 Torr. 1H NMR spectroscopic analysis of 
the cold trap material indicated that no starting material 
remained. The expected product 2,3-diphenylisoxazolidin-5-one 
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391 was not formed, instead the β-lactam, 1,4-diphenylazetidin-2-one158,159 392 
together with pivalaldehyde, styrene, the exocyclic methylene dioxolanone and 
benzaldehyde were present. Pivalaldehyde (64%), [δH 1.08 (9 H, s, But) and 9.47 (1 H, 
s, CH)]; 1,4-diphenylazetidin-2-one 392 (9.1%), [δH 2.95 (1 H, dd, J 15.2, 2.6, CH2), 
3.56 (1 H, dd, J 15.2, 5.7, CH2), 5.00 (1 H, dd, J 5.7, 2.6, CH) and 6.93–7.69 (10 H, 
m, Ph) ][ lit., 158,159 δH 2.92 (1 H, dd, J 15, 2.6, CH2), 3.53 (1 H, dd, J 15, 5.7, CH2) and 
4.98 (1 H, dd, J 5.7, 2.6, CH), Ph]; (S)-2-t-butyl-5-methylene-1,3-dioxolan-4-one 82, 
(9%), [δH 0.98 (9 H, s, But), 4.85 (1 H, d, J 2.6, CH), 5.12 (1 H, d, J 2.6, CH) and 5.43 
(1 H, s, CHBut)]; styrene (18%), [δH 5.24 (1 H, dd, J 10.8, 0.9, CH), 5.75 (1 H, dd, J 
17.6, 0.9, CH), 6.72 (1 H, dd, J 17.6, 10.8, CH), 6.93–7.69 (3 H, m, Ph) and 7.86–
7.91 (2 H, m, Ph) ]; Benzaldehyde (22.7%),[ δH 6.93–7.69 (5 H, m, Ph) and 10.02 (1 
H, s, CH=O) ]. 
In order to determine whether the temperature was too high we attempted this reaction 
at 2 lower temperatures, 500 and 450 oC. At 500 oC the following calculated 
percentages of products were obtained, pivalaldehyde (89.1%); 1,4-diphenylazetidin-
2-one 392 (27.4%); (S)-2-t-butyl-5-methylene-1,3-dioxolan-4-one 82 (21.0%); 
styrene (13.6%); benzaldehyde (34.2%).  At 450 oC the following percentages were 
calculated; pivalaldehyde (38%); 1,4-diphenylazetidin-2-one 392 (14.6%); (S)-2-t-
butyl-5-methylene-1,3-dioxolan-4-one 82 (8.7%); styrene (negligible);  benzaldehyde 
(8.7%). 
Optimum temperature for reaction is 500 oC, The product, the β-lactam, 1,4-
diphenylazetidin-2-one 392, was isolated by separation on a preparative TLC plate 
(Et2O/hexane, 1:2), giving a pale brown solid (7 mg) mp 131–133 oC (lit.,159 153–154 
oC); νmax/cm–1 1741; δC 47.0 (CH2), 54.0 (PhC-H), 116.8 (2C, Ph), 123.8 (Ph), 125.8 
(2C, Ph), 128.5 (Ph), 129.0 (2C, Ph), 129.2 (2C, Ph), 138.2 (C-1) and 164.6 (C=O). 
N-Ph C1 not apparent in the spectrum. m/z (CI) 223 (M+, 100%). 
 
d. Pyrolysis of spiro[2-t-butyl-1,3-dioxolan-4-one-5,8'-3',6a'-
dimethylhexahydroisoxazolo[3,2-c]-1,4-oxazin-6'-one] 380 
 
FVP of the reactant 380 (0.0742 g, 0.24 mmol) was 
performed at 550 oC and 5.4 × 10–1 Torr. 1H NMR 
spectroscopic analysis of the cold trap material indicated 
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that no starting material remained. However by far the largest products were those 
resulting from a retro dipolar cycloaddition reaction, to give pivalaldehyde (39%), [δH 
1.01 (9 H, s, But) and 9.39 (1 H, s, CH)];  5,6-dihydro-3,5-dimethyl-1,4-oxazin-2-one 
N-oxide 378 (63%), [δH 1.50 (3 H, d, J 6.8, HC-3-Me), 2.15 (3 H, s, Me), 4.06-4.14 (1 
H, m, HC-3), 4.21 (1 H, dd, J 12.1, 3.6, H2C-4), 4.53 (1 H, dd, J 12.1, 5.6,  H2C-4)] 
and (S)-2-t-butyl-5-methylene-1,3-dioxolan-4-one 82, (55.3%), [δH  0.91 (9 H, s, Bu ), 
4.79 (1 H, d, J 2.6, CH2), 5.05 (1 H, d, J 2.6, CH2) and 5.38 (1 H, s, CHBut)]. 
 
e. FVP of 382 to give spiro[2-t-butyl-1,3-dioxolan-4-one-5-cyclopropane] 417 
 
FVP of the reactant 382 (0.0367 g, 0.185 mmol) was performed at 500 
oC and 7.5 × 10–1 Torr. The product obtained was the spiro 
cyclopropane dioxolanone 417 as an oil; νmax/cm–1 1799, 1286, 1151 
and 1074; HRMS m/z (CI) 171.1019 (C9H15O3 requires 171.1021); δH 
0.98 (9 H, s, But), 1.14–1.32 (4 H, m, CH2-CH2) and 5.32 (1 H, s, CH-
But); δC 11.3 (CH2), 13.2 (CH2), 23.3 (But), 34.9 (CMe3), 60.0 (C-5) 109.4 (CH) and 
174.3 (C=O); m/z (CI) 171 (M+H+, 100%); In addition there were traces of 82 and 
pivalaldehyde, [δH 1.08 (9 H, s, But) and 9.47 (1 H, s, H)]. 
 
f. FVP of 385 to give 2,2-diphenylcyclopropanone,418 
 
FVP of the reactant 385 (0.08 g, 0.22 mmol) was performed at 500 oC 
and 4.3 × 10–1 Torr. An attempted separation of the product by 
preparative TLC (Et2O/ hexane, 1:3) gave the crude product as a 
yellow oil (0.0365 g) which on standing crystallised. The product fraction contained 
the desired product, 2,2-diphenylcyclopropanone 418, [δH 0.91 (2 H, s, CH2) and 
7.45–7.51 (4 H, m, Ph), 7.55–7.65 (2 H, m, Ph) and 7.75–7.85 (4 H, m, Ph)], the 
starting material 385, a phenyl containing by product and an unknown side product 
believed to be 3-methyleneoxiran-2-one 419, [δH 5.12 (1 H, d, J 9.9, CH2), 6.12 (1 H, 
d, J 9.9, CH2)]. These species existed in roughly a 1:1:4/5:1 ratio in the sample. 
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G Preparation and Diels-Alder reactions of 2,2-dimethyl-5-
methylene-1,3-dioxolan-4-one 
 
1. Preparation of 2,2-dimethyl-5-methylene-1,3-dioxolan-4-one  
 
a. Formation of 2,2,5-trimethyl-1,3-dioxolan-4-one 420117 
 
Using a similar method to the chiral equivalent, the reactants (S)-
lactic acid (20 g, 0.22 mol), acetone (analytical grade, 19.16 cm3, 
0.33 mol), catalytic p-TsOH and sulfuric acid were heated under 
reflux under Dean-Stark conditions for 3 days in pentane (200 cm3) 
with vigorous stirring. On cooling the reaction mixture was washed with water and 
the aqeuous layers washed with ether. The combined organic layers were dried and 
the solvent removed under vacuum to yield the crude product as a yellow liquid 
which was purified by Kugelrohr distillation (50 oC, water pump). The product was 
obtained as a colourless liquid in yields varying from 9.85 g (34%) to 12.57 g (44%); 
δH 1.49 (3 H, d, J 6.7, CH3), 1.55 (3 H, q, J 0.6, CH3), 1.62 (3 H, q, J 0.6, CH3) and 
4.49 (1 H, q, J 6.7, CH); δC 17.4 (CH3), 25.6 (CH3), 27.4 (CH3), 70.4 (CH), 110.3 (C-
(Me3)2) and 173.8 (C=O) (good agreement with lit.117) 
 
b. Formation of 5-bromo-2,2,5-trimethyl-1,3-dioxolan-4-one 42195 
 
A solution of 421 (7.51 g, 57 mmol) and N-bromosuccinimide 
(10.27 g, 57 mmol) in 1,1,2-trichloro-1,2,2-trifluoroethane 
(ARKLONE®) (150 cm3) was heated under reflux for 2.5 hours. 
The mixture was then cooled to 0 oC and the succinimide was 
removed by filtration. The solvent was then removed and the resulting liquid 
Kugelrohr distilled (70 oC, water pump vacuum) to furnish the product as a colourless 
liquid (7.36 g, 62%); δH 1.61 (3H, s, CH3), 1.84 (3H, s, CH3) and 2.22 (3H, s, CH3); δC 
22.8 (CH3), 28.0 (CH3), 29.8 (CH3), 87.2 (C-Br), 112.5 (CMe2) and 167.0 (C=O). [δH 
(300 MHz, CDCl3) 1.63 ( 3 H, s, Me), 1.84 (3 H, s, Me), 2.21 (3 H, s, Me)  
δC (75 MHz) 22.8, 28.0, 29.9, 87.6, 112.6 and 167.2] 95 
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c. Formation of 2,2-dimethyl-5-methylene-1,3-dioxolan-4-one 25395 
 
A solution of 421 (6.98 g, 30 mmol) and triethylamine (3.51 g, 34 
mmol) in toluene (40 cm3) was stirred at RT for 3 hours. The 
resulting mixture was filtered and the solvent removed to yield the 
crude product as a orange to brown oil. Purification was achieved by 
flash column chromatography (silica gel, Et2O/hexane, 1:2) to furnish the product as a 
colourless liquid (1.02 g, 27%); δH 1.64 (6 H, s, Me), 4.82 (1H, d, J 2.6, CH) and 5.15 
(1 H, d, J 2.6, CH); δC 26.6 (Me × 2), 91.7 (CH2), 111.0 (CMe2), 144.4 (C=CH2) and 
162.6 (C=O) [Lit.,95 δH 1.64 (6 H, s, Me), 4.81 (1 H, d, J 2.3, CH) and 5.09 (1 H, d, J 
2.3, CH); δC (75 MHz) 26.5, 91.2, 111.2, 144.7 and 162.3]. 
 
2. Diels-Alder reactions 
 
a. Formation of spiro[2,2-dimethyl-1,3-dioxolan-4-one-5,2'-bicyclo[2.2.1]hept-5'-
ene] 258  
 
A mixture of 253 (2.47 g, 19 mmol) and freshly distilled 
cyclopentadiene (1.85 g, 29 mmol) in toluene (75 cm3) was 
heated under reflux for 18 hours. After this time the 
reaction mixture turned brown. The solvent was removed 
and the crude product was purified by flash column chromatography (silica gel, dry 
loaded, Et2O/hexane, 1:4). The product was obtained as a yellow liquid (0.81 g, 22%) 
which contained some impurities of both starting materials which were probably 
produced by a retro Diels-Alder reaction on the column. νmax/cm–1 1844, 1785, 1671, 
1281, 1174, 1134, 1034, 1080 and 1007; δH 1.37 (1 H, dd, J 12.3, 4.0, H2C-7'), 1.46–
1.52 (1 H, m, H2C-7'), 1.51 (3 H, q, J 0.6, CH3), 1.58 (3 H, q, J 0.6, CH3), 2.04–2.08 
(1 H, m, H2C-3'), 2.32 (1 H, dd, J 12.3, 3.6, H2C-3'), 2.95–3.00 (1 H, m, HC-1' or HC-
4'), 3.05–3.09 (1 H, m, HC-1' or HC-4'), 6.17 (1 H, dd, J 5.6, 3.0, HC-5' or HC-6') and 
6.48 (1 H, dd, J 5.6, 3.1, HC-5' or HC-6'); δC 27.5 (Me) 27.7 (Me), 42.0 (C-1' or C-4'), 
42.3 (C-3' or C-7'), 47.3 (C-3' or C-7'), 52.4 (C-1' or C-4'), 84.9 (C-5/C-2'), 108.9 (C-
2), 133.0 (C-5' or C-6'), 140.3 (C-5' or C-6') and 176.6 (C=O). m/z (ES) 217.03 
(M+Na+, 100%). 
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b. Formation of spiro[2,2-dimethyl-1,3-dioxolan-4-one-5,6'-5’-
oxatricyclo[3.2.1.02,4]octane] 422 
 
The bicycle 258 (0.80 g, 4.0 mmol) was stirred in CH2Cl2 
(20 cm3) for 5 min. Sodium carbonate (5 g) was then added 
followed by addition of peracetic acid (40% in acetic acid, 
0.60 g, 8.0 mmol). The reaction proceeded immediately with 
vigorous bubbling. The mixture was allowed to stir for 6 days and then filtered to 
remove the sodium acetate. The solvent was then removed to yield the product as a 
colourless oil (0.86 g). 1H NMR spectroscopic analysis indicated that the product had 
been formed however some starting material and other impurities remained. The 
crude product was purified by Kugelrohr distillation to furnish the product as a brown 
oil (0.40 g) in which a small amount of impurites remained including a minor 
diastereomer (indicated by 13C NMR); HRMS m/z (CI) 211.0968 (C11H15O4 (M+H+) 
requires 211.0970) 
δH 1.33–1.40 (1 H, m, H2C-8'), 1.48–1.55 (1 H, m, H2C-8' or H2C-7'), 1.54 (3 H, s, 
Me), 1.61 (3 H, s, Me), 1.57–1.60 (1 H, m, H2C-8' or H2C-7'), 2.19 (1 H, dd, J 13.2, 
4.1, H2C-7'), 2.56–2.60 (1 H, m , HC-1' or HC-5'), 2.72–2.74 (1 H, m, HC-1' or HC-
5'), 3.30 (1 H, dd, J 13.9, 3.6, HC-2' or HC-4') and 3.44 (1 H, dd, J 13.6, 3.6, HC-2' or 
HC-4'); δC 23.9 (C-8' or C-7'), 27.3 (Me), 27.5 (Me), 36.3 (C-1' or C-5'), 39.3 (C-8' or 
C-7'), 46.4 (C-1' or C-5'), 47.9 (C-2' or C-4'), 50.9 (C-2' or C-4'), 84.3 (C-5/C-6'), 
109.4 (C-2) and 174.9 (C=O); m/z (ES) 233.06 (M+Na+, 100%). 
 
c. Preparation of the aziridine, spiro[2,2-dimethyl-1,3-dioxolan-4-one-5,6'-3'-
ethoxycarbonyl-3'azatricyclo[3.2.1.02,4]octane] 423 
 
The starting materials 258 (0.153 g, 0.78 mmol) and 
ethyl azidoformate (0.18 g, 1.56 mmol) were placed 
in a quartz reactor and positioned 15 cm from a 400 
W mercury lamp. After 10 mins the solution 
changed colour from colourless to orange and a stream of N2 gas was released. The 
reaction was left on for approximately 15 hours until the starting material was judged 
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to be consumed (TLC). An attempted purification of the crude product by flash 
column chromatography (silica gel, dry loaded, Et2O/hexane, 1:1) unfortunately gave 
a product fraction still containing a great deal of ethyl azidoformate-derived 
byproducts however a number of peaks could be identified. Due to time constraints no 
futher purification was attempted. δH 2.12–2.21 (1 H, m, H2C-7'), 2.61–2.64 (1 H, m, 
HC-1' or HC-5'), 2.75–2.78 (1 H, m, HC-1' or HC-5'), 2.84–2.87 (1 H, m, HC-2' or 
HC-4') and 3.01–3.05 (1 H, m, HC-2' or HC-4'). Methyl groups and HC-8' and one 
HC-7' proton could not be identified. 
 
d. Formation of spiro[2,2-dimethyl-1,3-dioxolan-4-one-5,9'-1',8'-diphenyl-11'-
oxatricyclo[6.2.1.02,7]undeca-2',4',6'-triene] 425 and 426  
 
A solution of  253 (1.02 g, 
7.9 mmol) and 1,3-
diphenylisobenzofuran (2.14 
g, 7.9 mmol) in toluene (25 
cm3) was heated under reflux 
for 48 h The reaction mixture was cooled and the solvent removed to yield an orange 
liquid with a luminous yellow glow. The crude mixture was purified by flash column 
chromatography (silica gel, dry loaded, Et2O/hexane, 1:2). Fractions 18–24 contained 
the major product 425 as pale green crystals (0.13 g, 4%) mp 189–190 oC. A further 
quantity of this product  (0.20 g, 7%) was isolated in further recrystallisations. 
Fractions 12–24 contained the minor product 426 which was recrystallised to give 
off-white crystals (0.15 g, 5%) mp 180–181 oC. An amount of mixed product (0.73 g) 
remained that could be recrystallised to yield further product. 
Major Product; spiro[2,2-dimethyl-1,3-dioxolan-4-one-5,9'-1',8'-diphenyl-11'-
oxatricyclo[6.2.1.02,7]undeca-2',4',6'-triene] 425 (Found: C, 77.9; H, 5.4. C26H22O4 
requires C 78.4; H, 5.6%); νmax/cm–1 1783, 1460, 1314, 1294, 1252, 1127, 1008 and 
984; δH 0.98 (3 H, s, Me), 1.46 (3 H, s, Me), 2.79 and 2.91 (2 H, AB pattern, J 11.6, 
H2C-10'), 6.92–6.99 (1 H, m, Ph), 7.21–7.27 (2 H, m, Ph), 7.38–7.55 (7 H, m, Ph) and 
7.62–7.69 (4 H, m, Ph); δC 25.7 (Me), 28.3 (Me), 50.9 (C-10'), 87.2 (C-1' or C-8'), 
88.7 (C-1' or C-8'), 94.1 (C-5/C-9'), 109.9 (C-2), 118.3 (1C), 122.9 (1C), 125.6 (2C), 
126.2 (2C), 126.6 (1C), 128.0 (1C), 128.1 (1C), 128.2 (1C), 128.5 (4C), 135.0 (C-2' 
OPh
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or C-7'), 137.2 (C-2' or C-7') 141.2 (C1, Ph), 149.2 (C1, Ph) and 171.5 (C=O); m/z 
(ES) 421.20 (M+Na+, 100%). 
Minor product (5R,1'S,8'R)-spiro[2,2-dimethyl-1,3-dioxolan-4-one-5,9'-1',8'-diphenyl-
11'-oxatricyclo[6.2.1.02,7]undeca-2',4',6'-triene] 426: νmax/cm–1 1787, 1661, 1377, 
1276 and 938;  δH 1.44 (3 H, s, CH3), 1.69 (3 H, s, CH3), 2.41 (1 H, d, J 11.7, H2C-
10'), 3.13 (1 H, d, J 11.7, H2C-10') and 7.00–7.86 (14 H, m, Ph); δC 26.5 (CH3), 27.6 
(CH3), 49.2 (C-10'), 86.5 (C-1' or C-8'), 88.5 (C-1' or C-8'), 89.8 (C-5/C-9'), 109.5 (C-
2), 119.0 (1C), 121.7(1C), 125.3 (1C), 126.2 (1C), 128.3 (4C), 128.53 (1C), 129.6 
(2C), 129.8 (3C), 130.3 (2C), 132.9 (2C), 137.1 (1C), 139.9 (1C), 143.0 (C1, Ph), 
149.0 (C1, Ph) and 172.4 (C=O); m/z (CI) 421.20 (M+Na+, 100%); Crystal structure: 
G10. 
 
3. FVP of Diels-Alder adducts 
 
a. FVP of 422 to give 3-oxatricyclo[3.2.1.02,4]octan-6-one, 424 
 
FVP of the reactant 422 (0.1412 g, 0.67 mmol) was 
performed at 550 oC and 2.4 × 10–2 Torr. 1H NMR 
spectroscopic analysis indicated that although the product 
had been formed there were impurities present. The 13C 
NMR spectrum confirmed this analysis. Purification was 
attempted using a preparative TLC plate (1:3, Et2O, hexane). The product was 
obtained as a brown oil which proved to be a 1:1 mixture of the starting material and 
the desired product; δH 1.21–1.27 (1 H, br m, H2C-8), 1.63–1.74 (1 H, m, H2C-8), 
1.92 (1 H, dd, J 17.7, 4.7, H2C-7), 2.11 (1 H, dd, J 17.7, 3.9, H2C-7), 2.79–2.84 (1 H, 
m, HC-1), 2.85–2.88 (1 H, m, HC-5), 3.27–3.30 (1 H, m, HC-4) and 3.42–3.46 (1 H, 
m, HC-2). 
 
4. Attempted treatment with Co catalyst  
 
a. Attempted hydrolysis of 426  
O
O
O
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O
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A mixture of 426 (0.136 g, 0.32 mmol) was treated with 5% 
ethanolic KOH (0.8 cm3, 0.64 mmol) at room temperature. The 
reaction was monitored by TLC after 18 hours and no reaction 
had occurred. Starting material was recovered (0.13 g). 
 
b. Hydrolysis of 425 to give 9-hydroxy-1,8-diphenyl-11-oxatricyclo[6.2.1.0 
2,7]undeca-2,4,6-triene-9-carboxylic acid 427 
 
A mixture of 425 (0.23 g, 0.5 mmol) was treated with 5% ethanolic KOH (1.25 cm3, 
1.0 mmol) at room temperature. The reaction was monitored closely by TLC  until it 
was deemed to be complete. The mixture was then poured into ice and acidified with 
1 M HCl until pH ~2 was reached. 1H NMR spectrum analysis indicated that a 1:1 
mixture of starting material to product was present. Separation of the product was 
achieved by preparative TLC (Et2O/hexane, 1:1) to give the product as a pale yellow 
solid (0.0234 g, 13%); δH 2.82 (1 H, d, J 11.3, CH2), 3.63 (1 H, d, J 11.3, CH2) and 
6.69-7.75 (12 H, m, Ph); δC 50.1 (CH2), 60.4 (Ph-CO), 83.9 (Ph-CO), 88.7 (C-OH), 
118–131 (Ph), 137.1 (C-2 or C-7), 140.0 (C-2 or C-7), 142.2 (C-1, Ph), 148.8 (C-1, 
Ph) and 196.6 (C=O). Phenyl region too complicated to assign accurately; some 
starting material impurity present. 
 
G X-ray Structure Determinations 
 
1. (2S,5S,1'S)-2-t-butyl-5-(1'-(4-methoxyphenyl)-2'-nitroethyl)-5-phenyl-1,3-dioxolan-
4-one 166b 
 
 Crystal data for C22H25ClNO6, M = 434.88, colourless prism, crystal 
dimensions 0.20 × 0.15 × 0.05 mm3, orthorhombic, space group P21212, a = 
18.4427(17), b = 19.4772(17), c = 6.5275(6) Å, V = 2344.8(4) Å3, Z = 4, DC = 1.232 
Mg m–3, T = 93 K, R = 0.0719, Rw = 0.1547 for 4438 reflections with I > 2σ (I) and 
283 variables. Data were collected on a Bruker SMART diffractometer with graphite-
monochromated Mo-Kα radiation (a = 0.71073 Å). The structure was solved by direct 
methods and refined using full-matrix least squares methods. The structure is shown 
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in the Discussion and atomic coordinates, bond lengths and angles are given in the 
Appendix.  
 
2. (2S,5S,4'S)-2-t-butyl-5-(2-oxo-tetrahydrofuran-4-yl)-5-phenyl-1,3-dioxolan-4-one 
305 
 
 Crystal data for C17H20O5, M = 304.33, crystal dimensions 0.12 × 0.06 × 0.02 
mm3, monoclinic, space group P2(1), a = 10.375(2), b = 6.2534(14), c = 11.802(3) Å, 
V = 765.6(3) Å3, Z = 2, Dc = 1.320 Mg m–3, T = 93 K, R = 0.0328, Rw = 0.0800 for 
2507 reflections with I > 2σ (I) and 200 variables. Data were collected on a Bruker 
SMART diffractometer with graphite-monochromated Mo-Kα radiation (a = 0.71073 
Å). The structure was solved by direct methods and refined using full-matrix least 
squares methods. The structure is shown in the Discussion and atomic coordinates, 
bond lengths and angles are given in the Appendix.  
 
3. (2S,2'S,4'R,5R,5'S)-2,2'-di-t-butyl-4'-hydroxy-4,4'-dimethyl-4,5'-bi(1,3-dioxolanyl)-
5-one, 311 
 
Crystal data for C16H28O6, M = 316.38, crystal dimensions 0.10 × 0.10 × 0.03 
mm3, monoclinic, space group C2, a = 20.893(9), b = 6.144(3), c = 13.864(7) Å, V = 
1740.5(14) Å3, Z = 4, Dc = 1.207 Mg m–3, T = 93 K, R = 0.1370, Rw = 0.3278 for 
2591 reflections with I > 2σ (I) and 200 variables. Data were collected on a Bruker 
SMART diffractometer with graphite-monochromated Mo-Kα radiation (a = 0.71073 
Å). The structure was solved by direct methods and refined using full-matrix least 
squares methods. The structure is shown in the Discussion and atomic coordinates, 
bond lengths and angles are given in the Appendix.  
 
4. (2S,5R,1'R,2'R,4'R,5'R)-spiro[2-t-butyl-1,3-dioxolan-4-one-5,6'-3'-ethoxycarbonyl-
3'-azatricyclo[3.2.1.02',4']octane 339  
 
 Crystal data for C16H23NO5, M = 309.35, crystal dimensions 0.15 × 0.10 × 0.02 
mm3, orthorhombic, space group P2(1)2(1)2(1), a = 8.0456(18), b = 11.070(2), c = 
17.625(4) Å, V = 1569.7(6) Å3, Z = 4, Dc = 1.309 Mg m–3,  T = 93 K, R = 0.0362, Rw 
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= 0.0912 for 1640 reflections with I > 2σ (I) and 201 variables. Data were collected 
on a Bruker SMART diffractometer with graphite-monochromated Mo-Kα radiation 
(a = 0.71073 Å). The structure was solved by direct methods and refined using full-
matrix least squares methods. The structure is shown in the Discussion and atomic 
coordinates, bond lengths and angles are given in the Appendix.  
 
5. (2S,5R,1'R,8'S)-spiro[2-t-butyl-1,3-dioxolan-4-one-5,9'-1',8'-diphenyl-11'-
oxatricyclo[6.2.1.02',7']undeca-2',4',6'-triene] 345 
 
 Crystal data for C30H31O4.50 (C28H26O4 with half a molecule of diethyl ether 
incorporated into the crystal), M = 463.55, crystal dimensions 0.15 × 0.15 × 0.15 
mm3, monoclinic, space group C2, a = 16.893(5), b = 8.986(4), c = 16.665(6) Å, V = 
2526.2(16) Å3, Z = 4, Dc = 1.219 Mg m–3, T = 93 K, R = 0.0709, Rw = 0.1840, for 
2220 reflections with with I > 2σ (I) and 332 variables. Data were collected on a 
Bruker SMART diffractometer with graphite-monochromated Mo-Kα radiation (a = 
0.71073 Å). The structure was solved by direct methods and refined using full-matrix 
least squares methods. The structure is shown in the Discussion and atomic 
coordinates, bond lengths and angles are given in the Appendix. 
 
6. (2R,5R,1'R,2'R,4'R,5'R)-spiro[2-t-butyl-1,3-dioxolan-4-one-5,6'-3'-ethoxycarbonyl-
3'-azatricyclo[3.2.1.02',4']octane 340 
 
 Crystal data for C16H23NO5, M = 309.35, crystal dimensions 0.30 × 0.30 × 
0.15 mm3, orthorhombic, space group P2(1)2(1)2(1), a = 6.2494(3), b = 14.2020(7), c 
= 18.2439(8) Å, V = 1619.22(13) Å3, Z = 4, Dc = 1.269 Mg m–3, T = 125 K, R = 
0.0530, Rw = 0.1270 for 1732 reflections with I > 2σ (I) and 200 variables. . Data 
were collected on a Bruker SMART diffractometer with graphite-monochromated 
Mo-Kα radiation (a = 0.71073 Å). The structure was solved by direct methods and 
refined using full-matrix least squares methods. The structure is shown in the 
Discussion and atomic coordinates, bond lengths and angles are given in the 
Appendix. 
 
7. (2S,5R)-spiro[2-t-butyl-1,3-dioxolan-4-one-5,5'-4',5'-dihydro-3'-phenylisoxazole] 
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366  
 
 Crystal data for C15H17NO4, M = 275.30, crystal dimensions 0.30 × 0.10 × 
0.03 mm3, orthorhombic, space group P2(1)2(1)2(1), a = 5.7153(14), b = 11.497(3), c 
= 20.903(5) Å, V = 1373.5(6) Å3, Z = 4, Dc = 1.331 Mg m–3, T = 93 K, R = 0.0513, 
Rw = 0.1029 for 2486 reflections with I > 2σ (I) and 182 variables. Data were 
collected on a Bruker SMART diffractometer with graphite-monochromated Mo-Kα 
radiation (a = 0.71073 Å). The structure was solved by direct methods and refined 
using full-matrix least squares methods. The structure is shown in the Discussion and 
atomic coordinates, bond lengths and angles are given in the Appendix. 
 
8. (2S,5R3'R)-spiro[2-t-butyl-1,3-dioxolan-4-one-5,5'-2',3'-diphenyltetrahydroisoxaz- 
-ole] 377 
 
 Crystal data for C21H23NO4, M = 353.40, crystal dimensions 0.15 × 0.03 × 
0.01 mm3, orthorhombic, space group P2(1)2(1)2(1), a = 5.8675(12), b = 17.729(4), c 
= 18.012(4) Å, V = 1873.7(7) Å3, Z = 4, Dc = 1.253 Mg m–3, T = 93 K, R = 0.0477, 
Rw = 0.0793 for 1983 reflections with with I > 2σ (I) and 236 variables.  Data were 
collected on a Bruker SMART diffractometer with graphite-monochromated Mo-Kα 
radiation (a = 0.71073 Å). The structure was solved by direct methods and refined 
using full-matrix least squares methods. The structure is shown in the Discussion and 
atomic coordinates, bond lengths and angles are given in the Appendix. 
 
9. spiro[2-t-butyl-1,3-dioxolan-4-one-5,8'-3',6a'-dimethylhexahydroisoxazolo[3,2-c]-
1,4-oxazin-6'-one] 380 
 
 Crystal data for C14H21NO6, M = 299.32, crystal dimensions 0.10 × 0.10 × 
0.03 mm3, orthorhombic, space group P2(1)2(1)2(1), a = 8.971(2), b = 9.433(2), c = 
17.884(4) Å, V = 1513.3(6) Å3, Z = 4, Dc = 1.314 Mg m–3, T = 93 K, R = 0.0314, Rw 
= 0.0774 for 1157 reflections with I > 2σ (I) and 191 variables. Data were collected 
on a Bruker SMART diffractometer with graphite-monochromated Mo-Kα radiation 
(a = 0.71073 Å). The structure was solved by direct methods and refined using full-
matrix least squares methods. The structure is shown in the Discussion and atomic 
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coordinates, bond lengths and angles are given in the Appendix.  
 
10. (5R,1'S,8'R)-spiro[2,2-dimethyl-1,3-dioxolan-4-one-5,9'-1',8'-diphenyl-11'-
oxatricyclo[6.2.1.02,7]undeca-2',4',6'-triene] 426 
 
Crystal data for C26H22O4, M = 398.44, crystal dimensions 0.25 × 0.20 × 0.03 
mm3, monoclinic, space group P2(1)/c, a = 10.850(5), b = 10.546(4), c = 17.931(8) Å, 
V = 2005.5(15) Å3, Z = 4, Dc = 1.320 Mg m–3, T = 93 K, R = 0.1799, Rw = 0.5039 for 
3351 reflections with I > 2σ (I) and 273 variables. Data were collected on a Bruker 
SMART diffractometer with graphite-monochromated Mo-Kα radiation (a = 0.71073 
Å). The structure was solved by direct methods and refined using full-matrix least 
squares methods. The structure is shown in the Discussion and atomic coordinates, 
bond lengths and angles are given in the Appendix. 
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A Studies based on alkylation of dioxolanones 
 
1 Previous work within the group 
The work in the area of dioxolanones was started within the group around 1996, by 
Thomas in his investigation into various acyl anion equivalents.116 Initial studies 
began in this area following an interesting discovery on pyrolysis of ethyl mandelate 
283, it gave nearly a quantitative yield of benzaldehyde when subjected to Flash 
Vacuum Pyrolysis (FVP) at 650 oC. Investigations of the thermal reactions of a 
variety of simple derivative of type 284, showed that reaction of 283 proceeded via 
formation of an intermediate α-lactone 285 which then loses CO to give the desired 
ketone 286. Since the R1 group is retained, ethyl mandelate acts as a benzoyl anion 
equivalent by alkylation followed by pyrolysis. 
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In the above method however, any stereochemistry present in 283 is lost following 
deprotonation so the above route is not suitable as an asymmetric acyl anion 
equivalent.  However using chiral dixolanones, and their principle of “self-
regeneration of stereocentres” in which upon alkylation the stereochemistry of the 
original centre remained intact, it was hoped that a third centre could be introduced 
selectively into the molecule and following pyrolysis a number of useful chiral 
ketones could be produced. The chiral dioxolanones 287 are produced by acetalisation 
of α-hydroxy acids (S)-1 with pivalaldehyde in the presence of acid (p-
toluenesulfonic acid/sulfuric acid). Once 287 is obtained it is treated with LDA to 
give the lithium enolate 2' and then treatment with the desired electrophile such as an 
alkene to give the adduct 288. 
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Once 288 is produced it is submitted to FVP to give 289. 
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Under FVP conditions, the fragmentation/elimination pattern for dioxolanones 
proceeds via elimination of pivalaldehyde to give the α-lactone as above, which 
fragments losing CO to give the ketone. Other hypotheses have been put forward for 
this process such as a carbene pathway, however it is believed that this is the main 
pathway as will be illustrated in the following sections. 
 Initially Thomas started this work with the achiral dioxolanones and then it 
was expanded to chiral dioxolanones. Initial achiral studies centred on 44a, from α-
hydroxyphenylacetic (or mandelic) acid and acetone, and its reactions with a variety 
of highly reactive electrophiles to give compounds 290a-e, 290c was subjected to 
hydrogenation to give the corresponding hydroxymethyl compound 290f. The methyl 
analogue, 2,2,3-trimethyl-1,3-dioxolan-4-one 270a was also synthesised and treated 
with ethyl crotonate to give 291.117 
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The racemic compounds, (±)-2-t-butyl-5-phenyl-1,3-dioxolan-4-one 292 (±)-2-t-
butyl-5-methyl-1,3-dioxolan-4-one 293 were then synthesised and reacted with 
similar compounds to above, also as above the yields were very similar with the more 
reactive halogen species once again producing higher yields than the less reactive 
electrophiles such as benzaldehyde and crotonaldehyde.117 
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The work was then extended to chiral dioxolanones (2S,5S)-2-t-butyl-5-phenyl-1,3-
dioxolan-4-one 10 and (2S,5S)-2-t-butyl-5-methyl-1,3-dioxolan-4-one 9 formed by 
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Seebach’s method.70 The reaction of 10 and 9 with ethyl crotonate to give 273 (in a 
4:3 ratio) and 274 (as mainly one distereomer) respectively and subsequent FVP of 
273 at 500 oC was reported to give 275 in 33% e.e. while the FVP of 274 at 550 oC 
was reported to give 276 in 86% e.e.70 
It should be noted that in this previous work, Thomas had difficulty in explaining how 
a 4:3 ratio of diastereomers in compound 273 could produce 275 in 33% e.e. As this 
work was performed at the end of his PhD it was decided to repeat it to ensure 
reliability of the work. 
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It was found, on repeating the work, that 273 was produced in 49% yield and in a 1:1 
ratio of diastereomers and, as expected, on FVP 275 was also obtained as 
approximately a 1:1 mixture of enantiomers as determined by treatment with a chiral 
lanthanide shift reagent (CLSR) and was obtained in a much lower yield of 57%.  
The preparation of 274 proved more difficult and, despite repeated attempts at 
preparation the main product of the reaction in most cases was the partially racemised 
and unreacted starting material. However eventually 274 was isolated in <7% yield, 
with an optical rotation of +13.1 (c = 0.6, THF) compared with the literature value of 
+6.1 (c = 0.6, THF). On FVP however 276 was obtained in 80% yield with an optical 
rotation of  –21 (c = 1.1, MeOH), compared with the literature value of  –47.2 (c = 
1.1, MeOH), giving an estimated 44% e.e. Using the CLSR gave a 1:4.5 ratio of the 
two enantiomers which would represent a 63% e.e. 
 
2 Expansion of the range of electrophiles 
The work was then extended to include reactions with p-methoxynitrostyrene 
following work reported by Blay and coworkers.66 They used a wide variety of 
nitrostyrenes using an inverse addition protocol as discussed in the introduction.66 In 
the case of the reaction of 10 with nitrostyrene they found that without HMPA they 
obtained the products 165a and 166a in a 63:37 ratio of diastereomers in 36% yield. 
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With addition of HMPA they improved the diastereomeric ratio to 85:15 and the yield 
was also increased up to 50%. For the reaction of 10 and p-methoxynitrostyrene they 
obtained 165b and 166b in a yield of 79% and in a 90:10 diastereomeric ratio. 
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In our case we decided to stick to the lower yielding route without using the highly 
toxic and potentially carcinogenic HMPA. Using this route it was potentially possible 
to isolate either 165b or 166b or both allowing FVP of both species to be attempted. 
Interestingly, when we attempted this reaction, the opposite ratio of the two 
diastereomers was obtained. The reaction conditions used by Blay and coworkers 
were the so called “inverse addition protocol” which involved having both the 
dioxolanone and the electrophile in solution together followed by addition of the 
base.66 The additive if used was in solution prior to addition of the base and the 
reaction mixture was then warmed up to –40 oC. We adopted the conventional method 
whereby the base is in solution, followed by addition of the dioxolanone and then 
addition of the electrophile with various temperature changes eventually reaching 
room temperature for two hours prior to reaction workup.  
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Obviously there may be some form of thermodynamic versus kinetic reaction control 
taking place but examination of the transition states shown below makes it clear that 
these are fairly similar and it is not easy to predict which will be favoured. The 
orientation of the transition state leading to 166b might be lower in energy due to the 
orientation of the NO2/alkene into the ring allowing for interaction of the lone pairs of 
the ring oxygen with the nitro nitrogen giving a reduced activation energy. Compared 
to this the transition state leading to 165b in which the hydrogen is positioned over 
the ring, results in no additional overlap, giving a higher transition state energy. 
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R1
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Ar
R1 H
Ar
 
 
Although the yields were lower on initial isolation (165b, 5% and 166b, 12%), 
directly from crystallisation of fractions eluted from the column chromatography, the 
over all yield for the reaction was similar to Blay’s result of 36%66 at approximately 
30-35%. Additional crystallisations of the filtrates following product removal gave 
more material. As this method allowed for both diastereomers to be obtained in a 
workable if low yield, complete characterisation of both isomers was performed. Prior 
to this Blay and coworkers had only successfully isolated 165b and has assigned its 
stereochemistry based on the NOe of its hydrogenation product.66 As 166b had not 
been previously characterised it was decided to obtain its X-ray crystal structure in 
order to conclusively determine the relative and absolute stereochemistry. Two 
structures are shown as the numbered structure is unfortunately not very clear (Figure 
2). 
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Figure 2: X-ray structure of (2S,5S,1'S)-2-t-butyl-5-(1'-(4-methoxyphenyl)-2'-
nitroethyl)-5-phenyl-1,3-dioxolan-4-one 166b showing the crystallographic 
numbering scheme.  Bond Lengths and angles are listed in the Appendix (Tables 8–
11). 
 
Following on from this reaction, the series was continued by reaction of 9 with 
p-methoxynitrostyrene to give only one diastereomer 296 isolated in a very low yield 
of 9.3%. In both cases, i.e. the reactions of 10 and 9, a variety of solvent mixtures, 
temperature variations were used in an attempt to increase the yield, all with 
disappointing results. Use of LiHMDS instead of LDA gave no significant difference 
in yield either. It had been reported that the use of a softer base such as LiHMDS 
which has a similar pKa to the dioxolanone would lead to an increase in the lifetime 
of the enolate allowing for a potentially higher yield to be obtained.51 A crystal 
structure for compound 296 was not obtained so its stereochemistry has not been 
definitely assigned. Comparison of the 1H NMR spectrum of 296 (Figure 3) with 
those of its analogues 165b and 166b above (Figures 4 and 5), suggests that 296 has 
formed with the same stereochemistry as 166b. The position of the CH2 peaks is very 
telling as in 165b the peaks are at 4.10 ppm and 4.48 ppm with a 0.3 ppm difference 
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in signal position, however in 166b the peaks are at 4.19 ppm and 4.20 ppm with 0.01 
ppm difference in the signal position. 
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The CH in both spectra appears near 5 ppm at 5.07 ppm and 4.87 ppm respectively. In 
296 the CH2 peaks are present at 4.940 ppm and 4.943 ppm and the CH appears lower 
at 3.92 ppm. Although the position of the peaks in 296 is a lot higher than in 166b, the 
splitting pattern in 296 more closely resembles that in 166b than in 165b.  
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Figure 3: 1H NMR spectrum of 296 
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Figure 4: 1H NMR spectrum of 165b  Figure 5: 1H NMR spectrum of 166b 
 
With the compounds in hand we attempted the pyrolysis of 166b, in order to produce 
compound 297 however at each of the attempted temperatures the starting material 
fragmented to give p-methoxystyrene, pivalaldehyde and some unidentified side 
product containing only phenyl. This result was not too unexpected as the nitro group 
is well known to behave poorly under FVP conditions and it was decided therefore to 
convert 165b, 166b and 296 to the corresponding secondary amines 298a,b and 299. 
OO
O
Bu
t
Ph
NO2
MeO
Ph NO2
O
OMe
- CO, - Bu
t
CHO
FVP
FVP: 600, 500, 450
o
C
OMe
+ But H
Ph ?
O
X
166b
297
  
 
  132 
A wide variety of reaction conditions were tried in an attempt to achieve this 
transformation starting with 10% palladium on carbon under a H2 atmosphere in ethyl 
acetate which resulted in no reaction. The conditions were altered slightly by 
changing the reaction solvent to 1 M HCl and the results for the reaction in this case 
were inconclusive. Sodium borohydride was then incorporated into the reaction with 
10% palladium on carbon in THF but once again only starting material was present. 
The unreacted material from this reaction was then recycled and treated with Raney 
nickel in an ethanol/THF solution under a N2 atmosphere, which one again proved 
inconclusive. While the mass spectrum indicted that some product may have been 
formed, whether it was 298/299 or 300/301 was not clear. It was decided however 
that the Raney nickel may not have been very active so the reaction was attempted 
again in methanol under a H2 atmosphere. Under these conditions simultaneous 
intramolecular aminolysis of the acetal occurred giving the γ-lactams 300a, 300b and 
301, formed by cyclisation of the amine leading to elimination of pivalaldehyde as 
shown below. 
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Compound 300a shown above was also prepared from 165b by Blay and coworkers66, 
however they used a different method to perform this transformation, Zinc dust and 
conc. HCl in an ethanol/water mixture was heated at reflux until the starting material 
had been consumed. A similar yield was achieved for the two methods and our 
product showed an optical rotation in excellent agreement with the literature value. 
Although the diastereomeric product 300b and the methyl compound 301 were also 
readily formed and characterised, the absence of any literature optical rotation values 
for these previously unknown compounds meant that their isomeric purity could not 
easily be confirmed. However there is no reason to suppose that they have other than 
high d.e. and e.e. 
 
Following on from this rather interesting result, the type of electrophile was extended 
to include the cyclic enone, butenolide (5H-furan-2-one) 302.160  This was prepared as 
shown by a literature route involving Diels-Alder reaction of furan with maleic 
anhydride, sodium borohydride reduction to the lactone and finally a retro Diels-
Alder reaction under FVP conditions to give 302. 
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Reaction of 10 with 302 proceeded to give 305 as mainly one diastereomer (5:1) but 
in a disappointing yield of 8%. Fortunately 305 was a highly crystalline solid so the 
X-ray crystal structure could be obtained to give the major isomer’s relative and thus 
absolute stereochemistry as shown below (Figure 7).  
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Figure 6: Ratio of major/minor peaks in 305 
 
Figure 7: X-ray structure of  (2S,5S,4'S)-2-t-butyl-5-(2-oxo-tetrahydrofuran-4-yl)-5-
phenyl-1,3-dioxolan-4-one 305 showing the crystallographic numbering scheme.  
Bond lengths and angles are listed in the Appendix (Tables 12–15). 
 
Judging by the 1H NMR spectrum (Figure 6), 305 had been produced in 
approximately 60% d.e. and this was carried through to give the end product 306 
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following FVP at 500 °C in 58% e.e. as determined by its optical rotation and 72% 
yield. This shows that negligible racemisation occurred during the FVP process. 
 Preparation of the methyl analogue 307 starting from 9 proceeded along 
similar lines to 305, but in this case a number of impurities prevented accurate 
analysis of diastereomeric ratios. Therefore the FVP of this compound was not 
attempted. 
After this result we decided to try to extend the earlier work by Thomas on the 
reaction of 10 with benzaldehyde. As mentioned earlier, Thomas performed this 
reaction with the achiral compound 44a to give the adduct 290e in 86% yield in a 
10:1 ratio of diastereomers  and with the racemic compound 292 the reaction with 
benzaldehyde gave only 33% yield of 294b as a mixture of three diastereomers. It was 
hoped to achieve at least 33% yield of product 308 with the chiral analogue 10 with 
hopefully more selectivity than its achiral analogue. Thomas discovered that on FVP 
the compound fragmented back into its constituent fragments-benzaldehyde, acetone 
and acetophenone (for 290e) and benzaldehyde, pivalaldehyde and isobutylene (for 
294b). In an attempt to prevent this from occurring at the FVP stage it was decided to 
add a protecting group when the reaction mixture was being warmed up to room 
temperature after 2 hours at -78 oC to give 309. Unfortunately in this case although 
the major product was isolated in 15% yield, it proved inseparable from a number of 
silyl side products present, and the amount of a further minor isomer of 309 isolated 
following chromatography was only 2.5%. Various attempts at increasing the yield of 
this reaction failed. This was mainly due to a large amount of silyl side products 
present in the majority of product fractions. Also the presence of the protonated 308 
in the 1H and 13C NMR spectra made identification of the product in the crude 
spectrum difficult due to the similarity in structures. The presence of benzoic acid 
caused problems in characterisation of the minor diastereomer. This impurity was 
thought to be present in the benzaldehyde therefore for later attempts at this reaction 
benzaldehyde was distilled prior to reaction. Unfortunately this did not prevent 
benzoic acid formation, however it was reduced significantly. 
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The reaction of benzaldehyde with the methyl analogue 9 was also attempted but none 
of the desired product 310 was formed and instead a new product 311 was formed 
which turned out to be the aldol type dimer. The structure was deduced from NMR 
data but conclusively demonstrated by a single crystal X-ray diffraction study. The 
structure of the single stereoisomer present, with five stereogenic centres, is shown in 
Figure 8. This was produced by attack of the dioxolanone enolate on the starting 
dioxolanone. To our knowledge a reaction of this type with dioxolanones has not been 
reported before. 
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Figure 8: X-ray structure of  (2S,2'S,4R,5S,5'R)-2,2'-di-t-butyl-4-hydroxy-5,5'-
dimethyl-4,5'-bi(1,3-dioxolanyl)-4'-one 311 showing the crystallographic numbering 
scheme.  Bond lengths and angles are listed in the Appendix (Tables 16–19). 
 
A similar addition has been reported for β-angelica lactone epoxide, 312 by 
Kobayashi and co-workers.161  The attempted preparation of 314  by condensation of 
312 with propionaldehyde resulted in the formation of the dimer 313  in 65% yield. 
This appears to be the only example of the aldol dimer type species similar in 
structure to the dioxolanones to have been reported in the literature.  
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3 Preparation of additional α-hydroxy acids and the 
corresponding 1,3-dioxolan-4-ones 
In an attempt to expand the pool of dioxolanones available, a number of common 
amino acids such as (S)-valine, (S)-phenylalanine, (S)-leucine, (S)-isoleucine and (S)-
methionine were converted to the corresponding α-hydroxy acids. 
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Two methods of synthesis were employed in order to perform this 
transformation. The first method is to dissolve the starting amino acid in dilute 
hydrochloric acid followed by cooling to 0 oC and then slow addition of sodium 
nitrite. This method is used for (S)-phenylalanine to give 6 (38%), (S)-leucine to give 
247d (31%) and (S,S)-isoleucine to give 315 (38%).  The second method involves 
stirring the starting acid in water at room temperature, and the addition of H2SO4 
dropwise until complete dissolution occurs, followed by cooling to 0 oC and 
simultaneous addition of H2SO4 and NaNO2 which works very well for (S)-valine to 
give 7 (25%) but not particularly well for (S)-methionine to give 316 (11%).  
Addition of NaNO2 requires maintaining the solution at 0 oC at all times and if this is 
not achieved racemisation occurs, although this is unavoidable in some cases as can 
be seen from the experimental section (247d and 315). Single enantiomers were only 
achieved for 6, 7 and 316, whereas almost equal amounts of both diastereomers were 
achieved for 315 and are impossible to separate therefore an alternative method of 
synthesis must be found.  This might also account for the fact that this compound is 
not widely used in the literature.  
The mechanism of formation of the α-hydroxy acids is as follows: 
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Unfortunately the problem with this well established mechanism occurs in the 
penultimate step following the elimination of nitrogen by neighbouring group 
participation to give the α-lactone. At this point the stage is set for racemisation at the 
stereogenic centre adjacent to carbonyl as this centre easily racemises when the 
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temperature rises above 0 oC. 
There are a number of alternative methods for the preparation of α-hydroxy acids, 
such as starting from aldehydes which are converted enzymatically to the 
cyanohydrin. A variety of enzymes have been reported to catalyse this reaction such 
as oxynitrilase which is used in both pure and crude form following extraction from 
almonds and various other sources,162-166  hydroxynitrile lyase,167,168 and various 
lipases,169 various catalysts have also been employed including titanium based 
complexes,170-174  The hydroxynitrile can then be converted to the α-hydroxy acid by 
acid hydrolysis and various aldehydes have be examined. This method has not been 
tested during this project due to the number of steps and the cost of the 
enzymes/catalysts. 
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Preparation of the dioxolanones proceeded as before with acetalisation of the α-
hydroxy acids with pivalaldehyde giving the dioxolanones 11, 12, 318-320 
 in yields varying between 31-79%. 
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11, R1= CH2Ph (68%),
12, R1= CH(Me)2 (78%),
318, R1= CH2CH(Me)2 (79%),
319, R1= CH(Me)CH2Me (60%),
320, R1= CH2CH2SMe (31%).  
 
Isolation of a single diastereomer was achieved for 11 (initially isolated in 10:1 ratio). 
The methionine deriviative 320, produced in a 10:4 ratio decomposed at room 
temperature after a number of weeks and due to the low yield of both the α-hydroxy 
acid and the dioxolanone formation the investigation of the sulfur-containing 
compounds was discontinued. The valine derivative 12 was formed in approximately 
a 4:5 mixture of diastereoisomers, the presence of the methyl groups here not 
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shielding either face adequately resulting in the lack of selectivity. Compounds 318 
and 319 derived from leucine and isoleucine respectively yielded a mixture of 
diastereomers, which was not surprising due to lack of enantiomerically pure starting 
material. 
 
4 Reactions of (2S,5S)- 5-benzyl-2-t-butyl-1,3-dioxolan-4-one 
 With (2S,5S)- 5-benzyl-2-t-butyl-1,3-dioxolan-4-one in hand its reactivity 
with a number of electrophiles was examined. The reaction of 11 with p-
methoxynitrostyrene resulted in the formation of the aldol product 321 along with 
some recovered starting material, no trace of the anticipated adduct 322 was isolated. 
Comparison of the 1H NMR data of the methyl adduct 311 (Figure 9) and the benzyl 
adduct 321 (Figure 10) clearly showed very similar positions for the CHBut peaks, the 
CH-R peaks and the OH peaks. From this 321 is believed to have the corresponding 
structure to 311.  
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Figure 9: Compound 311- CHBut (x2),           Figure 10: Compound 321- CHBut    
CHMe, OH.                                                        (x2),CHBn, OH, CH2-Ph (x2) 
 
The reaction with ethyl crotonate proved marginally more successful with the desired 
product 323 produced along with the aldol product 321. Unfortunately the two could 
not be separated by chromatography and despite repeated recrystallisations in various 
solvent mixes 323 could not be isolated. However as the 1H NMR spectrum of 321 
was known, the peaks of 323 could be indentified, allowing its partial 
characterisation. 
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5  Bis-dioxolanones 
Early in the course of the present work, we became aware of a recent paper by 
Mahrwald and co-workers130 on the preparation of chiral bis-dioxolanones from 
tartaric acid. In this paper they reported the synthesis of compounds 324, 325 and 
326a-d for both the (S,S)-tartaric acid and the (R,R)-tartaric acid. Yields for both 
ranged from approximately 30% - 48%, and the highest yields in both cases were 
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obtained for 324 (46% and 43% respectively) and 325 (48% and 45% respectively).130 
Unfortunately when we attempted a selection of these reactions we obtained 324 in 
13.5% yield and in the cases of 325 and 327 no product was formed. 
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Although we attempted the reaction on three times the scale of the literature report, 
the  poor yields were unexpected. The lithium perchlorate was fresh the only 
difference was that our perchlorate was not dried in vacuo at 120 oC for ten hours, so 
this may account for the drop in yield of 324. For 325 pivalaldehyde in t-butanol was 
used as we had switched to using this rather than the pure pivalaldehyde as the costs 
incurred were too high to sustain using it for the lifetime of the project. It is probable 
that this was unsuitable for this particular transformation. The absence of 327 in the 
literature was puzzling as benzaldehyde would have been an obvious aldehyde to try, 
but once again the desired product failed to form in our hands.  
 It was hoped that on formation of a number of these varied dioxolanones that 
they could be alkylated with a bis-Michael acceptor of type 328 to give an adduct 
such as 329 and then following pyrolysis yield the rather interesting diketone 330. By 
this method it was hoped to synthesise a number of chiral 1,2-diketones of different 
ring sizes depending on the chain length of the bis-electrophile and the chirality of the 
tartaric acid [(S,S), (R,R) or meso],  that would be inaccessible by other methods. 
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As the alkylation of compound 324 was not reported, to our knowledge, it was 
decided to try a number of small test reactions in order to assess its reactivity. An 
attempted alkylation with methyl iodide was expected to give 331 but instead it gave 
an inseperable mixture of unidentifiable compounds. This was followed by an 
attempted deuteration with deuterium oxide in order to give 332. This would have 
allowed us at a glance to see if the deuterium had been taken up, however only the 
starting material was recovered following this reaction.  
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These reactions were an obvious indication that the required deprotonation was not 
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taking place and this, coupled with the fact that the centres at C-5 were possibly too 
sterically hindered to allow attack of even small electrophiles, meant that this area of 
research was halted as the larger electrophiles required for the desired transformations 
were unlikely to work. 
In tandem with the above reactions the achiral equivalent to 324, 333 was studied. 
Formation proceeded via acetalisation using acetone in the presence of zinc chloride 
as reported by Fischer and Taube.131 Similar to the above chiral compounds it was 
hoped to alkylate 333 with various dibromo alkanes to give 334 and following FVP to 
give the cyclic 1,2-diketone species 335. Unfortunately purification of 333 proved 
difficult and we were not able to obtain it in pure form suitable for further reactions.  
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B Preparation and reactions of 5-methylene-1,3-dioxolan-4-ones 
 
1 Synthesis 2-t-butyl-5-methylene-1,3-dioxolan-4-one 
 
For the second part of the project, we concentrated on the 5-methylene-2-t-butyl-1,3-
dioxolan-4-one 82. As stated in the Introduction this is produced by reaction of 9 with 
NBS in the presence of AIBN in a halogenated solvent such as carbon tetrachloride to 
give 180 which, following purification, is treated with DBU or Et3N in toluene to give 
82. 82,86  
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It was found that the brominated species 180 could be produced in high e.e .- at least 
88% - with yields ranging from 63–75%, with amounts of starting material ranging 
from 4–15 g. The solvent in most bromination reactions is usually CCl4 and as this is 
relatively expensive we began to look around for an alternative. Within our laboratory 
we had a small drum of ARKLONE® (1,1,2-trichloro-1,2,2-trifluoroethane) gifted by 
ICI. This is equally as good a solvent as CCl4, but also shares the undesirable ozone 
destroying qualities, therefore care was taken when handling the solvent to minimise 
loss.  
 
 The reaction to form 82 from 180 has been reported using either DBU or 
Et3N.82,86 As we were following Seebach’s procedure we opted for DBU initially, 
using toluene as the solvent instead of benzene.82 A small number of reports used 
Seebach’s reaction conditions, however following a publication by Mattay and 
coworkers in 1989 where they used Et3N in CCl4 to give 82,86 this became the most 
popular means of synthesising 82, but it did give a lower yield (60%) as compared to 
DBU (71%). We found that under Seebach’s conditions we obtained yields of about 
50%, if the reaction was left on overnight but if it was only allowed to proceed for 50 
mins as stated in the paper a lower yield was obtained. Towards the end of our work, 
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Et3N in toluene was used and it was found that the yield changed very little to just 
below 50% when left stirring at room temperature rather than heating as in the Mattay 
method. 
 
2 Diels-Alder Reactions with cyclopentadiene and 1,3-Cyclohexadiene 
 
With compound 82 in hand we proceeded to investigate the selectivity of its 
Diels-Alder reactions with a number of dienes to build on the existing information 
relating to its use as a chiral ketene equivalent. First to be examined was the reaction 
of 82 with cyclopentadiene (cracked from the dimer) which, as explained in the 
Introduction, can lead to 4 possible products. We tried a variety of methods for 
reaction including stirring reactants in Et2O in a sealed vessel for 3 days, which gave 
only starting material, and heating the reactants at reflux in Et2O over 3 days which 
gave 14% of the desired material in a 100:13:4 ratio. The literature method involved 
stirring the dioxolanone at room temperature under argon for 3 days with 5 
equivalents of neat cyclopentadiene and after 6 hours an additional 5 equivalents were 
added86 (we added it after 24 hours). The product was obtained in 73% yield 
following chromatography, slightly lower than the literature report of 86%.86 We 
believe we obtained the product as a mixture of diastereomers as reported in the 
literature with 206:207 in a 96:4 ratio. See Figures 11 and 12 below. 
 
Figure 11: 1H NMR of sample containing Figure 12: 1H NMR of sample 
containing >99% 206    ~96:4 ratio of diastereomers 206 and 207 
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The rationale for the formation of 206 is clearly visible: the bulky t-butyl 
group blocks easy addition to the Si-face allowing preferential addition to the Re-face. 
The excellent exo selectivity which is displayed by 82 can be explained by the fact 
that transition state a is of lower energy than b.  This is possibly due to the difference 
in dipole moment in the transition states.85 The effect of dipole moments in this class 
of reactions was intensively studied by Berson and co-workers. They studied the 
stereoselectivity and solvent dependence of Diels-Alder reactions of methyl acrylate, 
methyl methacrylate and methyl crotonate with cyclopentadiene. From these reactions 
they deduced that “the permanent electric dipole moment of the endo transition state 
is greater than that of the exo”, they also found that they obtained greater exo 
selectivity in non or low polar solvent.175 So if this theory is correct, the exo transition 
state would be lower in energy than the endo transition state since in the exo transition 
state the two dipoles are almost anti-parallel so in effect cancel each other out, 
whereas in the endo transition state there is a much larger net dipole from 
combination of the dipole moments.85 
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Another way to rationalise this is by examination of the molecular orbitals. In the 
preferred conformation with the HOMO of the diene combining with the LUMO of 
the dienophile, the exo addition is preferred giving it the lowest energy. If the LUMO 
of the diene and HOMO of the dienophile interact, the higher energy endo addition 
would occur.  
 
 With this compound in hand we decided to study its behaviour under FVP 
conditions. As predicted it underwent a retro-Diels-Alder reaction under mild 
conditions (500 oC, 7.5 × 10−2 Torr) to give the starting diene, cyclopentadiene, the 
dienophile, the 5-methylenedioxolanone and pivalaldehyde formed by fragmentation 
of the dioxolanone. 
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 Obviously this retro-Diels-Alder reaction was not the desired outcome and did 
not allow investigation of the chiral ketene equivalent properties of 82 since no trace 
of norbornenone was produced. Therefore in order to prevent the retro-Diels-Alder 
reaction from occurring, fuctionalisation of the double bond seemed the most logical 
route to take. Firstly oxidation of the bond with 40% peracetic acid in acetic acid to 
form the epoxide, 336, was examined. Peracetic acid was chosen over MCPBA as it 
was successfully used before for similar compounds.176 However, this reaction 
proceeded very slowly and never went to completion so that even after three days the 
product was in a 2:1 ratio with the starting material. The product could easily be 
removed from the starting material by chromatography. As this compound had not 
been previously reported in the literature, we had no optical rotation reference for it so 
its optical purity at this stage could not be accurately gauged. 
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 The FVP of compound 336 at 500 oC and 550 oC proved encouraging. 
Although the desired product 337 was formed only in low yield together with the 
starting material and unknown side products, it could be isolated in pure form and the 
optical rotation compared with a literature value indicating an e.e. of 83%. It should 
be noted however that our value is from a sample ten times less concentrated than the 
literature sample since, despite repeated preparations, not enough product was 
obtained to measure the optical rotation under the same conditions. 
 
The evidence suggested that the main side product is 6-formylcyclohex-2-en-1-one 
338, an isomer of 337,  based on partial 1H and 13C NMR characterisation. However 
all attempts to prepare this by literature methods145,146 failed and only a black viscous 
substance which did not give any conclusive spectroscopic data was obtained by 
either of the two methods tried. A possible mechanism for the formation of 338 by 
electrocyclic rearrangement of the enol form of 337 is shown below modelled on the 
long-known rearrangement of norbornadiene monoepoxide.177,178 
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 Following on from this, an azidiridine was prepared by reaction of 206 with 
ethyl azidoformate under photochemical conditions. This was an efficient reaction 
and after 8 hours the crude reaction mixture was purified by chromatography giving 
339 in 81% yield as a highly crystalline solid and as one diastereoisomer. 
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The X-ray crystal structure of 339 was obtained and this showed the structure to be 
derived from 206 as expected, with the R configuration at the spiro centre (Figure 13).  
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 Figure 13: X-ray structure of (2S,5R,1'R,2'R,3'R,5'R)-spiro[2-t-butyl-1,3-dioxolan-4-
one-5,6'-3'-ethoxycarbonyl-3'-azatricyclo[3.2.1.02',4']octane 339 showing the 
crystallographic numbering scheme.  Full data are in the Appendix (Tables 20–23). 
Selected bond lengths and angles;  
O(1)-C(5) 1.424(3), O(1)-C(2) 1.435(3), C(2)-C(3) 1.513(3), C(2)-C(14) 1.553(3), 
C(2)-C(10) 1.556(3), C(3)-O(3) 1.207(3), C(3)-O(4) 1.339(3), O(4)-C(5) 1.453(3), 
C(10)-C(11) 1.520(3), C(10)-C(15) 1.539(3), C(11)-N(16) 1.466(3), C(11)-C(12) 
1.493(3), C(12)-N(16) 1.480(3), C(12)-C(13) 1.516(3), C(13)-C(15) 1.542(3), C(13)-
C(14) 1.549(3), N(16)-C(17) 1.385(3), C(17)-O(17) 1.212(3), C(17)-O(18) 1.338(3), 
O(18)-C(19) 1.452(3), C(19)-C(20) 1.496(4) Å; C(5)-O(1)-C(2) 109.76(17), O(1)-
C(2)-C(3) 102.77(18), O(4)-C(3)-C(2) 109.60(19), C(3)-O(4)-C(5) 109.73(17), O(1)-
C(5)-O(4) 105.83(18), N(16)-C(11)-C(12) 60.03(14), N(16)-C(12)-C(11) 59.10(14), 
C(11)-N(16)-C(12) 60.88(14) o 
 
 Compound 339 emerged as a candidate to explore the ketene equivalent nature 
of 82 by FVP. When pyrolysis was attempted at 500 oC, the starting material passed 
though unchanged and at 550 oC the compound decomposed and no useful data could 
be obtained from the material collected in the cold trap. However, when FVP was 
performed at the intermediate temperature of 525 oC, we obtained something that 
closely resembled the starting material. After careful separation from the starting 
material by preparative TLC, compound 340 was obtained as a colourless solid in 
51% yield. Careful recrystallisation of this product gave a sample of good enough 
quality for an X-ray crystal structure to be obtained (Figure 14). 
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Figure 14: X-ray structure of (2R,5R,1'R,2'R,3'R,5'R)-spiro[2-t-butyl-1,3-dioxolan-4-
one-5,6'-3'-ethoxycarbonyl-3'-azatricyclo[3.2.1.02',4']octane 340 showing the 
crystallographic numbering scheme.  Full data are in the Appendix (Tables 24–27). 
Selected bond lengths and angles; O(1)-C(5) 1.409(4), O(1)-C(2) 1.437(4), C(2)-C(3) 
1.526(4), C(2)-C(10) 1.545(5), C(2)-C(14) 1.556(5), C(3)-O(3) 1.198(3), C(3)-O(4) 
1.337(4), O(4)-C(5) 1.451(4), C(5)-C(6) 1.525(5), C(10)-C(11) 1.530(4), C(10)-C(15) 
1.538(5), C(11)-N(16) 1.476(4), C(11)-C(12) 1.490(5), C(12)-N(16) 1.469(5), C(12)-
C(13) 1.519(4), C(13)-C(15) 1.515(5), C(13)-C(14) 1.541(5), N(16)-C(17) 1.401(4), 
C(17)-O(17) 1.199(4), C(17)-O(18) 1.335(4), O(18)-C(19) 1.458(4), C(19)-C(20) 
1.494(6) Å;  C(5)-O(1)-C(2) 108.9(2), O(1)-C(2)-C(3) 102.0(2), O(3)-C(3)-C(2) 
128.4(3), C(3)-O(4)-C(5) 108.8(2), O(1)-C(5)-O(4) 105.2(3), N(16)-C(11)-C(12) 
59.4(2), N(16)-C(12)-C(11) 59.8(2), C(12)-N(16)-C(11) 60.8(2) o 
 
 It seems clear that the compound 340 is formed by the following mechanism 
(Scheme 5). Under pyrolysis conditions thermal ring-opening of the dioxolanone 
occurs with involvement of the lone-pair of O-1 to give the zwitterionic oxonium 
carboxylate intermediate. Free rotation is then possible about the norbornane to 
oxonium single bond and re-closure by the carboxylate anion can lead to either 
starting material, by attack at the Si-face or product formation by attack at the Re-
face. In this case an almost equal amount of both isomers were obtained, therefore no 
face selectivity is induced by the tricyclic backbone of the molecule. Interestingly we 
believe this to be the first time such a reaction has been seen under FVP conditions,  
and to give a clue as to how the dioxolanone fragmentation may proceeed in general. 
In a less constrained system such a process might not be noticed in this case the 
  153 
backbone of the molecule provides a fixed frame of reference for this transformation 
to be observed. 
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Scheme 5 
An obvious extension to attempt was to the bicyclo[2.2.2] compounds derived from 
1,3-cyclohexadiene. We attempted the reaction of 82 and cyclohexadiene under a 
number of reaction conditions. Firstly, by heating the reactants at reflux for 7 hours in 
toluene followed by solvent removal, only starting material was found. Repeating 
these conditions for 4 days again yielded only starting materials. The next set of 
conditions involved stirring the reactants in the absence of solvent under nitrogen, this 
was not successful either. After all these attempts failed, we attempted to force the 
reactants together in an autoclave at 150 oC using the pressure created by the solvent. 
After 3.5 days the autoclave was cooled, the solution was washed into a flask and the 
solvent removed to yield a brown/black liquid. After chromatography the product 341 
(~43%) was obtained as a yellow oil with a highly aromatic scent. Some minor 
impuirities and possibly other diastereomers remained which were inseperable from 
the product by further purification attempts. 
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 In spite of this we decided to attempt pyrolysis on the 341 we had obtained. 
Not unexpectedly it partially underwent a retro Diels-Alder reaction to give 82 and 
1,3-cyclohexadiene along with pivalaldehyde. Some unreacted starting material was 
also obtained when pyrolysis was performed at 500 oC and at 550 oC and 
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pivalaldehyde was by far the largest product, with very little else present in the cold 
trap following the reaction. 
 
3 Investigation of further 1,3-dienes 
 As cyclopentadiene was the only cyclic diene reported to have been reacted 
with 82 in the literature, it was decided to try some alternative/ bulky systems, starting 
with 2,3,4,5-tetraphenylcyclopenta-2,4-dienone 342. As with the cyclohexadiene 
reaction the two reactants were heated together at reflux in toluene for 24 hours. The 
diene was only sparingly soluble in cold toluene so it was hoped higher temperatures 
would increase solubility. After 24 hours the reaction mixture was cooled and the 
precipitate was filtered off to yield a small amount of unreacted diene. On evaporation 
of the solvent and analysis of the residue it was found that it contained mostly 
unreacted diene. Separation from the diene was relatively successful yielding the side 
product, 2,3,4,5-tetraphenylcyclopent-2-enone 343, produced by partial 
hydrogenation of the starting diene. This is reaction is possibly due to small amounts 
of sodium in the solvent. The partly hydrogenated starting material is known in the 
literature but is usually produced by catalytic hydrogenation using transition metal 
catalysts, most predominantly zinc179,180 although magnesium has also been employed 
in the presence of Me3SiCl,181 nickel has also been used in the presence of diphos182 
and more recently chromium in the form of Cr(CO)6183 and ruthenium184 have also 
been used. 
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Once this byproduct had been removed, the desired product 344 was finally obtained 
in low yield by evaporation of the filtrate and careful recrystallisation of the residue 
from toluene. Although we isolated one diastereomer was successfully isolated 
(unusually for reactions with 82 the endo adduct was the major product from attack at 
the Re-face), it must be noted that at least two other diastereomers were also produced 
during the reaction albeit in smaller quantities (Figures 15 and 16). The largest peaks 
in Figure 16 correspond to the minor exo adduct from attack at the Re-face. These 
  155 
assignments were made by comparison of 1H NMR spectra with those for the 
diphenylisobenzofuran adducts 345 discussed below. 
 
 
 
Figure 15:1H NMR - Major     Figure 16: 1H NMR - Two minor 
diastereomer  344     diastereomers 
 
 A FVP reaction on 344 was performed at 500 oC, but this was unsuccessful, 
once again it resulted in a clean retro Diels-Alder reaction. It was anticipated that the 
bridging CO group would be lost readily giving 346 which could then undergo loss of 
pivalaldehyde and another CO to form tetraphenylphenol 347. A possible side product 
tetraphenylbenzene, was thought to have been present in the FVP product and as no 
1H NMR data was reported in the literature, an authentic synthesis of this possible 
side product was attempted. Regrettably the synthesis of tetraphenylbenzene failed at 
the final step with recovery of the starting material and therefore the presence of this 
side product has not been proven. 
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 In order to explain why the endo (Re-face) diastereomer is achieved in the 
formation of 344 a the reaction of 82 with 1,3-diphenylisobenzofuran, 348 was 
considered which led to the formation of spiro[2-t-butyl-1,3-dioxolan-4-one-5,9'-1',8'-
diphenyl-11'-oxatricyclo[6.2.1.02,7]undeca-2',4',6'-triene] as isomer 345 over 349. 
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As with 344, the reactants were heated under reflux in toluene for 36 hours, then 
cooled and the solvent removed to yield a bright yellow solid. Although there 
appeared to be no starting dioxolanone, 1H NMR analysis showed a significant 
amount of diene still present. Following chromatographic purification the major 
diastereomer (25%) was isolated from the minor diastereomer. An X-ray crystal 
structure of the major diastereomer was obtained (Figure 7) and this showed it to be 
the endo adduct 345. This was inconsistent following the trend of cyclopentadiene 
and other dienes reported in the literature.  Unfortunately the minor diastereomer, the 
exo adduct 349, could not be obtained completely free of the major adduct despite a 
large amount of effort. A side product 350 was also formed by apparent oxidation of 
the starting diene, and while the presence of moisture may have contributed to 
hydrolysis of the compound in this case, it is known from our work on the hydrolysis 
of these species (see the following section) that treatment of 345 with a slight excess 
of a mild base can also result in formation of the diketone 350. 
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Figure 17: X-ray structure of (2S,5R,1’S,8’R)-spiro[2-t-butyl-1,3-dioxolan-4-one-
5,9'-1',8'-diphenyl-11'-oxatricyclo[6.2.1.02,7]undeca-2',4',6'-triene] 345 showing the 
crystallographic numbering scheme.  Full data are in the Appendix (Tables 28–31). 
Selected bond lengths and angles; O(1)-C(2) 1.423(7), O(1)-C(5) 1.433(6), C(2)-C(3) 
1.507(7), C(2)-C(14) 1.545(7), C(2)-C(10) 1.603(7), C(3)-O(3) 1.202(8), C(3)-O(4) 
1.360(7), O(4)-C(5) 1.445(7), C(5)-C(6) 1.531(7), C(10)-O(15) 1.435(6), C(10)-C(16) 
1.503(7), C(10)-C(11) 1.531(8), C(11)-C(12) 1.397(8), C(12)-C(13) 1.502(8), C(13)-
O(15) 1.461(7), C(13)-C(26) 1.499(7), C(13)-C(14) 1.548(7) Å; C(2)-O(1)-C(5) 
109.5(4), O(1)-C(2)-C(3) 103.5(4), O(4)-C(3)-C(2) 108.3(5), C(3)-O(4)-C(5) 
110.1(4), O(1)-C(5)-O(4) 105.3(4) o 
 
As stated above these two reactions behave differently to the ones previously 
discussed. 
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As in the case of addition of cyclopentadiene to 82, addition preferentially occurs on 
the Re-face. However, unlike cyclopentadiene, 348 contains three phenyl rings two of 
which, when in the endo orientation, can overlap their π – orbitals with the carbonyl 
and oxygen p orbitals giving favourable stabilising secondary interactions.  When in 
the exo orientation only one ring is available for overlap, making it less favourable for 
reaction. A similar rationale can be used for the formation of 344 but the fact that the 
molecule 2,3,4,5-tetraphenylcyclopenta-2,4-dienone 342 is so bulky and stable does 
not make it a favourable diene for these reactions. Also overlap would slightly skew 
the endo approach, however it would still make the endo slightly more favourable 
than the exo addition. Spectral comparisons between 344 and 345 confirm endo 
diastereoisomer formation in 344. Shown below are the major and minor adducts' CH2 
signals from the 1H NMR spectra (Figures 18 and 19). 
 
 
Figure 18: 1H NMR - Major diastereomer Figure 19: 1H NMR - Major   
345 (endo, Re attack)  diastereomer: 345 (endo, Re attack, 
purple), minor diastereomer 349 (exo, Re
 attack,  blue),  third diastereomer 
(pink). 
    
With the major adduct 345 in hand, pyrolysis was attempted. As before a retro Diels-
Alder reaction occurred. No trace of the expected product 351 was obtained.   
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 Following this result it was decided to return to the more cyclopentadiene-like 
dienes. With this in mind, tetrachlorothiophene 1,1-dioxide 352 was proposed as this 
compound was familiar in the group and possesses some interesting properties of its 
own.133 Its precursor, tetrachlorothiophene was also readily available and therefore the 
dioxide could be quickly prepared when needed. 
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It is well known that when 352 undergoes a Diels-Alder reaction the adduct 
spontaneously loses SO2, to give a tetrachlorocyclohexadienyl fragment and this was 
observed here to give product 354 in moderate isolated yield. By comparison with 
345 and 344 above, the adduct 354 obtained corresponds to the exo adduct formed by 
attack at the Re-face. Although in this case the expected product of FVP - 
tetrachlorophenol 355 - is achiral, it was of industrial interest at one stage to ICI.185 
With this in mind, the pyrolysis was performed at 550 oC.  A brown material appeared 
at the furnace exit which was insoluble in chloroform. Initially this material was 
thought to be of no interest and remained in the outlet pipe while the cold trap 
material was analysed. The cold trap only contained pivalaldehyde, so the compound 
on the furnace exit was taken up with DMSO giving a single peak at 8.08 ppm. The 
yield was measured by performing the reaction an additional time and dissolving the 
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solid in acetone. 
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13C NMR analysis indicated that tetrachlorobenzoic acid 356 was the more likely 
product to have formed. This was synthesised by a literature method151 and when data 
was compared, they were found to be identical.  
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Scheme 6 
Rather unusually the fragmentation pathway proceeds via attack of the lone pair on O-
1 causing ring opening at C-2, elimination of pivalaldehyde occurs following attack of 
O-3 on C-5 to give the α-lactone. Opening of the α-lactone occurs via a cyclic 
transition state to give the benzoic acid, rather than elimination of CO to give the 
phenol (see Scheme 6).  
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4 Alternative decarboxylation method using cobalt catalysis 
 
 Following these reactions and their rather unexpected results, we decided to 
investigate a new class of reactions - 1,3-dipolar cycloadditions. However, with the 
reasonable amount of 345 obtained it was decided to try a literature method reported 
by Blay and co-workers,55 for removal of pivalaldehyde and CO in order to obtain the 
ketone and thus achieve the overall chiral ketene equivalence without the retro-Diels-
Alder possibility.  
Using a ligand precursor 357 developed by Stumpf and co-workers for their work on 
molecular magnets,152 Journaux and co-workers developed a ligand 358153 and cobalt 
complex 359 that catalyses the “selective oxidation, by dioxygen and pivalaldehyde 
of a wide range of  secondary alcohols to the corresponding ketones, in good yields 
and under mild conditions in acetonitrile at room temperature.”154  Its was found that 
preparation of the ligand and its precursor proceeded very smoothly in excellent 
yields. However on complexing to the cobalt the yields dropped dramatically due to 
problems with filtration and constant filter blockages. Filtering of this compound took 
between 3-5 hours per 10 mmol batch. 
 
In the case of dioxolanones application of this cobalt complex involved initial 
treatment of the dioxolanone with 5% ethanolic potassium hydroxide to give the α-
hydroxy acid. This would then be treated with the cobalt complex under the 
aforementioned conditions to yield the ketone with decarboxylation. In the case of 
interest 345 could be converted to 360 which was then be treated with the catalyst to 
hopefully yield 351. 
 
  162 
NH2
NH2
ClCOCO2C2H5
THF
HNNH
EtOOEt
O
O
O
O
HNNH
HNNH
O
O
O
O
Me Me
CH3NH2
(33% in EtOH)
MeOH
NN
NN
O
O
O
O
Me Me
Co
_
Me4N
+
. 4H2O
cobalt perchlorate
Me4NOH
(25% in Methanol)
357
358
359
 
 
O
O
O
O Bu
t
Ph
Ph O
O
Ph
Ph
O
OH
OH
O
Ph
Ph
1) KOH
2) H3O
+
Co complex
O2
pivalaldehyde
345
351
360
X
 
 
However in reality the conversion of 360 to 351 was unsuccessful. This we believe is 
due to decomposition of the complex over time, since when it was made initially and 
tested with mandelic acid it gave the desired reaction. The use of this cobalt complex 
will be discussed again in a later section. 
 
5 1,3-Dipolar cycloaddition 
 
 Although there have been a number of reports of Diels-Alder reactions of 5-
methylene-1,3-dioxolan-4-ones in the literature, to our knowledge there have been no 
reports of 1,3-dipolar cycloadditions to 5-methylene-1,3-dioxolan-4-ones. Although 
many of the products we expected to get from these cycloadditions would lead to 
achiral product following FVP, it was an unexplored avenue that was hoped to yield 
some interesting results. 
The first reaction attempted with 82 was the reaction with 5-phenyl-1,3,4-
oxathiazol-2-one 361, a dipole precursor to benzonitrile sulfide which is formed on 
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expulsion of CO2 from 361 on heating. A stock of 361 was already present within the 
group so it was a natural choice for an reaction attempt. Unfortunately the nitrile 
sulfide once liberated is quite reactive and can undergo a side reaction to form 
benzonitrile and sulfur. This was the case with this reaction and only the starting 
dioxolanone, sulfur and benzonitrile were obtained. It was hoped that the addition of 
an extra equivalent of the dipole precursor would allow some reaction to take place 
but this did not occur. 
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Following this result we decided to try reaction of 82 with benzonitrile oxide and 
acetonitrile oxide - these species are well known to undergo smooth 1,3-dipolar 
cycloaddition reactions with minimal side reactions. As with the nitrile sulfides, the 
nitrile oxides are formed from precursor compounds. In the case of benzonitrile oxide 
363, it is formed from its precursor compound, benzhydroximoyl chloride 365, when 
treated with triethylamine. The precursor 365 is produced in two steps from 
benzaldehyde; first treatment of benzaldehyde with hydroxylamine hydrochloride 
gave the oxime 364 in 85% yield and this was then treated with chlorine gas while in 
a chloroform solution to give 365 in 94% yield.  
O
HPh
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Ph H
OH
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CHCl3
N
Ph Cl
OH
364 365  
 
Reaction of 363 with 82 is instantaneous and the desired product 366 was formed in 
high yield (98%) in one pot in an hour. 
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The product 366 was a highly crystalline solid allowing a crystal structure to be 
obtained this allowed the relative stereochemistry to be assigned (see Figure 20). 
 
 
Figure 20: X-ray structure of (2S,5R)-spiro[2-t-butyl-1,3-dioxolan-4-one-5,5'-4',5'-
dihydro-3'-phenylisoxazole] 366 showing the crystallographic numbering scheme. 
Full data are in the Appendix (Tables 32–35).  Selected bond lengths and angles; 
O(1)-C(2) 1.383(3), O(1)-C(5) 1.405(3), C(2)-O(13) 1.420(3), C(2)-C(10) 1.480(3), 
C(2)-C(3) 1.502(3), C(3)-O(3) 1.187(2), C(3)-O(4) 1.327(3), O(4)-C(5) 1.435(3), 
C(5)-C(6) 1.497(3), C(10)-C(11) 1.487(3), C(11)-N(12) 1.264(3), C(11)-C(14) 
1.446(3), N(12)-O(13) 1.421(2) Å; C(2)-O(1)-C(5) 107.75(16), O(1)-C(2)-O(13) 
111.24(16), O(1)-C(2)-C(10) 112.03(18), O(13)-C(2)-C(10) 104.98(16), O(1)-C(2)-
C(3) 103.57(16), O(4)-C(3)-C(2) 108.02(19), C(3)-O(4)-C(5) 108.44(17), O(1)-C(5)-
O(4) 104.86(17), N(12)-C(11)-C(10) 113.4(2), C(11)-N(12)-O(13) 108.29(16), C(2)-
O(13)-N(12) 108.62(15) ° 
 
The orientation of the addition is of some interest. The captodative nature of 82 means 
that the exocyclic double bond is polarised in one direction which favours the 
activation of C-5 by electron withdrawal by the lactone moiety and in the other 
through electron donation from the O-3. Although the nitrile oxide oxygen might be 
expected to attack at the exocyclic CH2 position there is precedent for attack at C-5 
from the Diels-Alder reactions of 82 with ethyl 4-oxo-2-butenoate and acrolein which 
proceeds via an endo attack with the C=O attacking at the C-5 position.95 The 
selectivity observed here is consistent with the exocyclic double bond acting as an 
enol ether rather than an enone. In addition attack of the dipole O to C-5 from the Re 
face (A) would be more favourable than attack of the C-Ph to C-5 (B) as the presence 
of only one Ph group would not give a substantial stabilising effect and this 
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orientation would be less kinetically favoured. Analysis of 1H and 13C NMR spectra 
indicated a single diastereomers. 
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The reaction of 82 with acetonitrile oxide again proceeds via a one pot procedure. 
Nitroethane and triethylamine were stirred together in toluene and a solution 
containing phenyl isocyanate and methylenedioxolanone 82 was added.  The 
acetonitrile oxide is rapidly formed and reacts immediately with 82 to form the 
product 367 in moderate yield. 
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By comparison of the NMR data (Table 7) and the pattern of splitting for the C-4', it 
appeared that 367 is of the same stereochemistry as 366. This is a tentative 
conclusion.  
 
Table 7: Comparison of selected NMR data for 366 and 367 
1H NMR C-2 (H) C-4' (CH2) 13C NMR C-2 C-5,5' C-4' C-3' 
366 5.49 3.52, 3.94 366 109.0 105.3 42.3 156.8 
367 5.42 3.07, 3.55 367 108.9 90.9 45.6 155.6 
 
 
With these products in hand the reaction of 82 with 1-(chloro(phenyl)methylene)-2-
phenylhydrazine 368 was explored, Compound 368 which is a precursor to the 1,3-
diphenylnitrile imine dipole 369 on HCl abstraction. After triethylamine addition, no 
trace of the desired product 370 was obtained and only starting material 82 was 
recovered. The dipole 369 is likely to have undergone dimerisation but due to lack of 
distinctive NMR signals for the dimer this hypothesis could not be verified. 
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 It was then decided to react 82 with various azides as these species are known 
to be highly reactive. Starting with phenyl azide, which was stirred with 82 at room 
temperature for 7 days in diethyl ether, no reaction occurred even under 
photochemical conditions. The photochemical reaction was attempted again under 
solvent free conditions – however none of the anticipated product 371 was obtained. 
Ethyl azidoformate was similarly unreactive: after stirring neat for 32 hours with no 
reaction, the reaction mixture was exposed to a 400 W mercury lamp for 5.5 hours. 
Following chromatography the major products of this reaction appeared to be 
ethoxycarbonylnitrene byproducts, EtO2C-NH2 and EtO2C-N=N-CO2Et and there was 
no trace of either 373 and 374. 
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 Following the success of the nitrile oxides, it was decided to examine the 
reactions of 82 with various nitrones. The adducts derived from this reaction could  
furnish chiral products after FVP. Preparation of the nitrone 375 involved a two-step 
process from nitrobenzene. Nitrobenzene was first treated with zinc in the presence of 
ammonium chloride to give N-phenylhydroxylamine in a low yield of 22%.137 
Treatment of N-phenylhydroxylamine with benzaldehyde in ethanol gave the desired 
product in 76% yield.138 
 The reaction was initially attempted in diethyl ether, however the nitrone did 
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not readily dissolve so CH2Cl2 was added to improve solubility. On reaction 
completion the product was isolated as a mixture of two diastereomers in 
approximately 5:1 ratio. The minor adduct 376 could not be isolated, but an amount 
of the major adduct 377 was isolated and its X-ray crystal structure was obtained (see 
Figure 21), proving the relative stereochemistry. 
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Figure 21: X-ray structure of (2S,5R,3'R)-spiro[2-t-butyl-1,3-dioxolan-4-one-5,5'-
2',3'-diphenyltetrahydroisoxazole] 377 showing the crystallographic numbering 
scheme.  Full data are in the Appendix (Tables 36–39). Selected bond lengths and 
angles; O(1)-C(2) 1.414(4), O(1)-C(5) 1.416(6), C(2)-O(13) 1.414(4), C(2)-C(3) 
1.520(7), C(2)-C(10) 1.523(6), C(3)-O(3) 1.204(4), C(3)-O(4) 1.359(5), O(4)-C(5) 
1.475(5), C(5)-C(6) 1.523(5), C(10)-C(11) 1.555(6), C(11)-N(12) 1.489(5), N(12)-
O(13) 1.474(5) Å; (C(2)-O(1)-C(5) 104.8(3), O(1)-C(2)-C(3) 102.4(3), O(13)-C(2)-
C(10) 105.1(3), O(4)-C(3)-C(2) 108.1(3), C(3)-O(4)-C(5) 106.1(4), O(1)-C(5)-O(4) 
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105.0(3), C(2)-C(10)-C(11) 104.8(3), N(12)-C(11)-C(10) 101.4(4), O(13)-N(12)-
C(11) 104.3(3), C(2)-O(13)-N(12) 102.4(3)o 
 
With this product in hand, the addition of 82 to the bulky nitrone 5,6-dihydro-3,5-
dimethyl-1,4-oxazin-2-one N-oxide, 378 was explored. The nitrone was produced by 
a three step process from pyruvic acid. The lowest yielding step was the formation of 
the oxime with only 45% of the desired product 379. The other steps gave yields of 
between 50 and 60%. The literature yield for the formation of the oxime 379 was 
64%,140 however in our case some starting material was recovered and could be 
recycled. The low yield of 378 57% compared to the literature value of 85% 141 was 
accounted for by the amount of oxime recovered (~30%). All attempts at this reaction 
could not reproduce the reported high yield.  
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The reaction of 82 with 378 in diethyl ether proceeded very slowly with the reaction 
nearing completion only after 2 weeks stirring at room temperature. Following 
chromatography small amounts of both starting materials were recovered and the 
product 380 was isolated as a thick yellow oil. Some small impurities remained in the 
sample and it was transferred to a sample tube with CH2Cl2 once characterisation was 
complete. On slow evaporation of the solvent (6 weeks), large yellow transparent 
plates appeared in the oil. These were isolated from the remaining oil, cleaned and an 
X-ray structure obtained giving the expected stereochemistry, when compared with 
the other dipole 377 (see Figure 22). 
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Figure 22: X-ray structure of spiro[2-t-butyl-1,3-dioxolan-4-one-5,8'-3',6a'-
dimethylhexahydroisoxazolo[3,2-c]-1,4-oxazin-6'-one] 380 showing the 
crystallographic numbering scheme.  Full data are in the Appendix (Tables 40–43). 
Selected bond lengths and angles; O(1)-C(2) 1.405(3), O(1)-C(5) 1.418(3), C(2)-
O(13) 1.434(3), C(2)-C(10) 1.494(4), C(2)-C(3) 1.531(4), C(3)-O(3) 1.198(3), C(3)-
O(4) 1.340(3), O(4)-C(5) 1.457(3), C(5)-C(6) 1.519(3), C(10)-C(11) 1.542(4), C(11)-
N(12) 1.488(4), C(11)-C(19) 1.524(4), C(11)-C(14) 1.527(4), N(12)-C(17) 1.460(3), 
N(12)-O(13) 1.475(3), C(14)-O(14) 1.201(3), C(14)-O(15) 1.337(3), O(15)-C(16) 
1.452(3), C(16)-C(17) 1.498(4), C(17)-C(18) 1.521(4) Å; C(2)-O(1)-C(5) 107.8(2), 
O(1)-C(5)-O(4) 104.94(17), C(3)-O(4)-C(5) 109.0(2), O(3)-C(3)-O(4) 124.2(3), O(1)-
C(2)-C(3) 102.0(2). O(13)-C(2)-C(10) 106.5(2). C(2)-O(13)-N(12) 110.60(19), 
O(13)-N(12)-C(11) 104.95(19), N(12)-C(11)-C(10) 104.7(2), C(2)-C(10)-C-(11) 
102.8(2), O(1)-C(2)-O(13) 107.8(2) o 
 
The fact that 380 was obtained as a single stereoisomer is rather remarkable since the 
dipole is clearly racemic at the ring CHMe centre. Although the centres C(2) and 
C(11) in the structure above are formed in the cycloaddition under the influence of 
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C(5), the C(7) centre is fixed. Either the other diastereomer with the opposite 
configuration at C(7) was formed but remained in the oil rather than crystallising, or 
more likely, the chiral methylenedioxolanone performed a kinetic resolution and 
effectively selected the enantiomer of the dipole that would give the most favourable 
reaction. Whatever the explanation, the formation of 380 with 4 stereocentres as a 
single stereoisomer starting from the single centre of 82 is a pleasing result. 
 
We then turned our interest back to the achiral product producing 1,3-dipoles with the 
diazo family of compounds, starting with diazomethane 381. This was prepared by 
the Vogel method157 from N-p-tolylsulphonyl-N-methylnitrosamine. It was bubbled as 
it was produced into an ice cold solution of 82 in diethyl ether and this solution was 
kept cold until production of diazomethane was complete and warmed slowly with 
stirring overnight to ensure any unreacted gas was dispersed. The expected product 
382 was isolated following solvent removal. 
 
Next we attempted the reaction of diphenyldiazomethane 383 with 82. The 
preparation of 383 was relatively straightforward with the reactants 
benzophenonehydrazone and yellow mercuric oxide in the presence of sodium sulfate 
(anhydrous), ethanol (saturated with KOH) in dry diethyl ether shaken for two hours. 
The solution was filtered and the filtrate evaporated at room temperature to give an 
oil. Following various dissolutions, recrystallisations and evaporations a red oil was 
obtained which on cooling crystallised to give 383.135 The reactants 383 and 82 were 
stirred in a sealed vessel in diethyl ether for 5 days, after which time no reaction to 
form 384 had occurred so the reaction mixture was placed in a quartz tube and 
exposed to a photochemical lamp for 2 hours. After this time TLC analysis indicated 
that a reaction had taken place and the product was isolated following 
chromatography to give the product, spiro[2-t-butyl-1,3-dioxolan-4-one-5,1'-2',2'-
diphenylcyclopropane] 385 as a yellow/orange oil in 12.5% yield. The other fractions 
contained side reaction products, such as fluorene formed by loss of N2 from the 
dipole and rearrangement of the resulting carbene and various unidentified polymeric 
materials were also obtained. 
 
 The reaction of 82 with ethyl diazoacetate 386 like 383, gave no reaction after 
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6 days. The reaction mixture was transferred to a quartz tube and exposed to a 
photochemical lamp for 5 hours and after chromatography there was evidence of a 
low conversion to product 388, however this small amount could not be isolated: 
further investigation needed to be done on this but due to time restrictions this 
reaction could not be repeated. 
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6 FVP of 1,3-Dipolar cycloadducts 
 
The 1,3-dipolar cycloadditions studies on 82 had provided a variety of interesting and 
novel spiro heterocyclic systems and their behaviour under FVP conditions promised 
to be of considerable interest.  
In the case of the benzonitrile oxide adduct, 366, it was expected that under FVP 
conditions pivalaldehyde and CO would be lost to give as the expected product 3- 
phenylisoxazol-5-one 389. When compound 366 was pyrolysed at 550 °C it reacted 
completely. However, on examination of the 1H NMR spectrum of the cold trap 
contents, benzonitrile and pivalaldehyde were the only compounds present.  
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Therefore either the desired product had split into benzonitrile and methylene with 
loss of CO2, or it had proceeded via CO2 elimination from the spiro α-lactone to give 
the carbene 390. 
 
O
O
O
N
O
But
Ph
-ButCHO
O
N
O
O
Ph
-CO
O
N
O
Ph
-CO2 PhC N
+
[:CH2]
-CO2
O
N
Ph
N
O
Ph
1,2-H shift
O
N
Ph
O
N O
N
O
N
Ph Ph
Ph
H
H
PhC N
H2C C O
+
390
 
Scheme 7 
 
At this point the fragmentation could go via the lactam which is ripe for 
fragmentation to give benzonitrile and ketene or via a 1,2-H shift from 390, followed 
by ring opening and a number of rearrangements leading to fragmentation giving 
benzonitrile and ketene. Although the two latter routes cannot be distinguished from 
one another they can be distinguished from the first route by trapping the ketene if 
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present by addition of ethanol into the cold trap to give ethyl acetate. Following a 
repeat of this reaction, a few drops of ethanol were added to the cold trap and ethyl 
acetate was observed on the 1H NMR spectrum, therefore the evidence suggests that 
fragmentation went via the ketene  and thus via the second or third fragmentation 
route (see Scheme 7). 
 
 Likewise, it was expected that the pyrolysis of acetonitrile oxide adduct 367, 
would also go via the same route.  As above the reaction was performed at 550 oC and 
as expected acetonitrile and ketene were formed with the ketene once again trapped 
using ethanol. Although these reactions did not give the expected results they involve 
an interesting route for fragmentation which proves useful below in explaining the 
FVP behaviour of  the nitrone adduct 377. 
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The next 1,3-dipole adduct subjected to FVP conditions was 377. Once again this 
reaction was expected give 391. The 1H and 13C NMR spectra could not convincingly 
distinguish  391 from the alternative product the 2-azetidinone 392. The reaction was 
attempted at three temperatures to optimise the yield. At 550 oC the yield was 9.1%, at 
500 oC was 21% and at 450 oC was 14.6%, thus giving 500 oC as the optimum 
temperature. The product was isolated from,pivalaldehyde, styrene, benzaldehyde and 
the dioxolanone 82, by preparative TLC. Following acquisition of the 1H and 13C 
spectra of the pure product, the mass spectrum was then obtained which indicated that 
392 had in fact been formed. Formation of 392 would have to have proceeded via the 
same type of route as the fragmentation of 366 and 367 shown above however in the 
case of 392 the absence of a double bond prevents easy fragmentation therefore only 
392 is obtained (Scheme 8). 
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Scheme 8 
 
Interestingly, there have been a number of reports in the literature concerning the 
rearrangement of isoxazolidines to β-lactams and two of the reports concerned the 
rather interesting 5-spirocyclopropanated isoxazolidines 393 which under acidic 
conditions rearranges to form the 2-azetidinones 394-Et and 394-Me, shown below 
(Scheme 9).186 
It should be noted that although reactions involving the nitrone derived from 395 and 
396a-d were reported giving relatively good yields (49-73% - lowest yield for 396c 
and 395) no reaction with 396e was reported. The highest yield obtained for the 
reported reactions was 78% for the reaction of 397 with the nitrone derived from 
396b and 398b. The other two reactions with the 398 nitrones gave yields of 72% 
(396a and 398a) and 53% (396d and 398a), the latter also obtaining a sizeable 
amount of the side product 3-spirocyclopropanated 4-oxopiperidine-2-carboxylate 
399 (44%).186 
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Scheme 9 
 
A second report was also produced by this group using the related bicyclic spiro 
isoxazolidine compounds 400a-c, 401 and 402a,b, which were converted to the 
corresponding β-lactams, 403a-c, 404 and 405, in reasonable yield on heating in the 
presence of TFA (trifluoroacetic acid). Interestingly as above in Scheme 9, the 
isoxazolidine compounds can also be converted to the corresponding pyridones by 
heating to reflux (140 oC) in xylene to give compounds of type 406.187-189 
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The bicyclic spiro compounds shown above 400a-c, 401 and 402a,b can be produced 
via two very similar synthetic pathways. Pathway one is used to produce the racemic 
402a, b by way of the racemic nitrone 407. Pathway two on the other hand proceeds 
via palladium catalysed nucleophilic substitution with various α-amino acid and α-
hydroxy acids to give the ester 408 which is easily converted to 409 which 
spontaneously formed the isoxazolidine 410a-e and 411. 187-189 
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Another method of synthesis of azetidinones, specifically the bicyclic azetidinone 412 
a-f, was reported by Fu and coworkers and involved direct preparation from the 
nitrone of the desired products using a copper catalyst formed from CuBr and either 
the ligand 413a or 413b shown below, with reasonable to good e.e. achieved for all 
cases. 190 
The β-lactam method discovered here is in its infancy but we do have the 
advantage of a diasteromerically pure starting material prior to FVP. Unfortunately 
the e.e. of the product 392 has not been determined due to the small quantity of 
material obtained and time constraints on the project. The racemisation if any during 
the FVP process could not be assessed at this stage, however the fact that the 
stereocentre in the product is not involved in the fragmentation process would imply 
very little or no racemisation will occur.  
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Unfortunately the other nitrone adduct 380 did not prove as interesting when 
submitted to FVP conditions.  The presence of the desired product 414 is tentative 
with a maximum possible yield of 9% and a retro 1,3-dipolar cycloaddition was the 
more efficient reaction, with the nitrone, pivalaldehyde, and 82 all present in the cold 
trap, in good yield.  
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Following this rather disappointing result we returned to the simpler dipoles and 
investigated the FVP of the diazo adducts 382, 385 and 388. Starting with the FVP of 
382, we expected that this would probably go via the conventional route, losing CO 
and pivalaldehyde to give 415 then possibly lose N2 to give 416. Once again on FVP 
the expected product was not produced and instead that the product contained the 
intact 1,3-dioxolan-4-one unit. This was identified by 1H and 13C NMR as the rather 
unusual 5-spiro-cyclopropane-2-t-butyl-1,3-dixolan-4-one 417, formed by loss of N2, 
and apart from a small amount of pivalaldehyde this was the sole product of the 
reaction.  
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One reason for the 1,3-dioxolan-4-one remaining intact could be that the short time in 
the furnace and the relatively low temperature allowed for only the most volatile and 
easily removable component to be eliminated leaving the dioxolanone component 
untouched. At a higher temperature 416 might be able to be obtained but once again 
due to time contraints this was not able to be attempted. 
Compound 385 was next submitted to FVP Once again FVP this was performed at the 
relatively low temperature of 500 oC and following analysis of the 1H NMR spectrum 
of the cold trap, there appeared to be a large amount of starting material present with 
other materials. An attempted separation by preparative TLC gave the product, 2,2-
diphenylcyclopropanone 418 along with an unidentified side product containing only 
phenyl groups and a compound which appeared to be 3-methyleneoxiran-2-one 419.  
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The 3-methyleneoxiran-2-one 419, would most likely be produced after pivalaldehyde 
loss from 385, with the lone pair of the oxygen attacking in and eliminating the 
diphenyl carbene which is then free to react with another carbene formed by this 
method or react to form other products such as fluorene.  
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This area of work is really in its infancy with a large number of unexpected results 
obtained however what success we had gave some rather promising results especially 
in the nitrone area.  
 
 
7 Cycloadditions to 2,2-dimethyl-5-methylene-1,3-dioxolan-4-one 
 
In order to evaluate the e.e. of some of the Diels-Alder adducts following FVP, in 
particular the epoxide 337, it was necessary to synthesise their racemic equivalents. 
Previously in the group 2,2,5-trimethyl-1,3-dioxolan-4-one (±)-420 had been 
produced in good yield (68%) with a short reaction time of 3.5 hours from (±)-lactic 
acid.117 
HO CO2H
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Me Me
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Another method reported in the literature proceeded from 3-chloro-2-
hydroxypropionic acid via 5-chloromethyl-2,2-dimethyl-1,3-dioxolan-4-one, the first 
step giving 39%, and the second step gave 253 in 71% yield.95,107 
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Various other methods included a preparation analogous to that of the chiral 5-
methylene-2-t-butyl-1,3-dioxolan-4-one 82, via 420 and 421 to 253. 
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We decided to proceed down this route, for no other reason other than we had a 
plentiful supply of the starting materials including the chiral lactic acid and we did not 
have the necessary supply of (±)-lactic acid to hand. We found the yields for this 
reaction to be disappointing with the first step to form 420 giving variable yields, 34-
44%, following distillation. It must be noted that the yield increased when the reaction 
was stirred rapidly while being heated at reflux rather than just allowed to heat at 
reflux with anti-bumping granules. Following reflux for about 3 days (24 hours), the 
reaction mixture was cooled and washed with water and to ensure no product 
remained in the aqueous layer this was extracted with ether which was dried 
separately to the pentane layer. Despite various attempts to get the yield of the 
reaction up such as increasing the concentration of reactants; stirring overnight before 
refluxing and addition of more acetone initially and throughout the reaction, we could 
not get the yield up.  
The preparation of 5-bromo-2,2-dimethyl-1,3-dioxolan-4-one 421, progressed better 
than the preparation of its starting material 420. Initially the reaction mixture was 
heated at reflux for the same amount of time as the chiral analogue. This reaction time 
(5 hrs) proved far too long for the desired product and on reaction workup and 
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analysis, very little of the desired product remained as the product had di-brominated. 
Following this we set about altering the reaction time so that the bulk of the starting 
material had converted to 421, thus the reaction time was reduced to 2.5 hours. 
Following succinimide and solvent removal the crude product was distilled to remove 
any starting material giving the product in an average 62% yield. 
Preparation of 5-methylene-2,2-dimethyl-1,3-dioxolan-4-one 253, once again resulted 
in a low yield of 27% and reaction time was 3 hours - no increase in yield was 
observed on leaving the reaction overnight. Due to the exothermic nature of this 
reaction the yield might be able to be increased by cooling the toluene/dioxolanone 
solution before triethylamine addition. This reaction initially used DBU, but this was 
switched to Et3N  and no change in yield resulted from the change in base. 
With 253 in hand it was reacted with freshly distilled cyclopentadiene in 
toluene. After 18 hours and a significant change in colour, from colourless to brown, 
was observed. Work-up generated the product 258 in 22% yield with some traces of 
the two starting materials. In an attempt to improve the yield the reactants were stirred 
solvent free under N2 for 3 days with three additional amounts of cyclopentadiene 
added in two equivalent portions every 12 hours for the first 36 hours. The yield by 
this second method was unfortunately < 15%.  
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FVP of 258 was not attempted as it was confidently expected to undergo a retro Diels-
Alder reaction which would not give us any new information. With 258 in hand it was 
first treated with peracetic acid (40% in acetic acid) in the presence of sodium 
carbonate in CH2Cl2 the reaction was allowed to stir for 6 days. Work-up gave the 
product spiro[2,2-dimethyl-1,3-dioxolan-4-one-5,6'-5'-oxatricyclo[3.2.1.02,4]octane] 
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422, contaminated with impurities, including what appeared to be a minor 
diastereomer (endo diastereomer, for racemic case only two diastereomers). The yield 
obtained for this reaction could not be determined with any accuracy due to the of 
impurites. Only a small amount of almost pure product (0.14 g) was obtained on 
combining three reaction products and then careful separation by preparative TLC, 
This enabled a sample for HRMS to be obtained. 
FVP of this sample was attempted and product 424 was formed along with a 
number of impurities. An attempted separation on a preparative TLC plate gave the 
product in a 1:1 ratio with the starting material. Once again further purification was 
required on this sample, time restraints prevented this.  
422
O
O
O
Me
Me
O
424
O
O
FVP, 550
o
C
-Me2CO, -CO
 
Separation in the case of these racemic epoxides and the chiral epoxides above 
was difficult due to the lack of a strong chromophore. Often blowing iodine onto the 
prep TLC plate after development gave a guide to the various bands, if the sample 
was sufficiently strong. In some cases small iodine crystals were placed in a thin line 
down the plate, covered loosely and the plate heated carefully from below. This 
worked reasonably well for weak samples. 
A similar problem with reactivity and product purification occurred when the 
aziridine spiro[2,2-dimethyl-1,3-dioxolan-4-one-5,6'-3'-ethoxycarbonyl-3'-
azatricyclo[3.2.1.02',4']octane], 423 was isolated. The reaction method was the same as 
its chiral analogue, 253 and ethyl azidoformate were placed in a quartz reactor 15 cm 
from a 400 W mercury lamp for 15 hours. As with the chiral compound the reaction 
mixture changed from clear/colourless to orange and a stream of N2 bubbles appeared 
within the mixture. The reaction was monitored by TLC and once it was deemed 
complete the mixture was purified by chromatography, unfortunately once again the 
product was significantly contaminated with starting material however a number of 
characteristic peaks could be identified. Due to time restraints no futher purification 
was attempted. 
With these disappointing results we decided to attempt one more reaction in this area, 
this time between 253 and 1,3-diphenylisobenzofuran in order to form spiro[2,2-
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dimethyl-1,3-dioxolan-4-one-5,9'-1',8'-diphenyl-11'-oxatricyclo[6.2.1.02,7]undeca-
2',4',6'-triene] 425 (major diastereomer- 425a, opposite enantiomer) and 426 (minor 
diastereomer- 426a, opposite enantiomer). The reactants were heated at reflux for 48 
hours and following solvent removal and chromatography a small sample of each 
diastereomer was obtained pure from the column, however the majority of the product 
was obtained as mixed fractions along with some starting diene.  
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The major adduct 425, was the racemic equivalent of 345, and from the 1H NMR 
spectra, direct comparison of Figure 23 and Figure 24 show Figure 24 to have a 
slightly larger splitting and the AB pattern to be not as pronounced as is the case in 
Figure 23. There is obviously a good degree of similarity as would be expected for 
two related compounds. 
 
Figure 23: Major chiral adduct, 345  Figure 24: Major racemic adduct 425. 
(CH2 signal in each case) 
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Figure 25: Major diastereomer: 345  Figure 26: Minor diastereomer, 426 
(endo, Re attack, purple), minor         
diastereomers 349 (exo, Re attack, blue), 
third diastereomer (pink) 
 
Similar comparison can be made between the mixed fraction containing 345 and 349 
and an additional adduct from the chiral reaction, Figure 25, to the minor adduct 426, 
Figure 26. The second lagest peaks in the 1H NMR in Figure 25 (pale blue highlighted 
peaks) correspond to the minor diastereomer and compare well with those in Figure 
26 for 426. 
 
With the crystalline minor diastereomer 426 isolated the X-ray crystal structure was 
obtained allowing the relative stereochemistry of 349 to be deduced (see Figure 27). 
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Figure 27: X-ray structure of spiro[2,2-dimethyl-1,3-dioxolan-4-one-5,9'-1',8'-
diphenyl-11'-oxatricyclo[6.2.1.02,7]undeca-2',4',6'-triene] 426, showing the 
crystallographic numbering scheme.  Full data are in the Appendix (Tables 44–47). 
Selected bond lengths and angles; O(1)-C(2) 1.428(8), O(1)-C(5) 1.447(8), C(2)-C(3) 
1.508(10), C(2)-C(12) 1.538(9), C(2)-C(8) 1.592(10), C(3)-O(3) 1.198(8), C(3)-O(4) 
1.354(8), O(4)-C(5) 1.469(8), C(5)-C(6) 1.487(11), C(5)-C(7) 1.492(9), C(8)-O(13) 
1.449(7), C(8)-C(14) 1.503(9), C(8)-C(9) 1.527(9), C(9)-C(10) 1.375(10), C(10)-
C(11) 1.522(9), C(11)-O(13) 1.461(8), C(11)-C(24) 1.487(9), C(11)-C(12) 1.577(9) 
Å; angles C(2)-O(1)-C(5) 109.6(5), O(1)-C(5)-O(4) 102.8(5), C(3)-O(4)-C(5) 
110.1(5), O(4)-C(3)-C(2) 108.6(6), O(1)-C(2)-C(3) 103.4(5)o 
 
The racemic adducts 425 and 426 were subjected to the hydrolysis – oxidative 
decarboxylation sequence in an attempt to make the corresponding ketone products, 
however only the hydrolysis product was obtained successfully and only in the case of 
the major adduct 425. Unfortunately very little product was obtained and it contained 
a number of impurities in the phenyl region suggesting some 1,3-isobenzofuran had 
been regenerated. This was not unexpected, however it was unfortunate that it could 
not be separated from the product and because of this treatment with the cobalt 
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catalyst was not attempted. The minor adduct failed to react and after 18 hours the 
starting material was recovered as TLC monitoring had indicated that no reaction had 
started. Formation of  427 was complete within a few hours. 
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Unfortunately this area did not prove as useful as was hoped, the low reactivity of 5-
methylene-1,3-dioxolan-4-one 253 being a major problem. Bearing in mind that all 
cycloaddition reactions of the chiral methylenedioxolanone 82 occur on the face of 
the ring opposite to the t-butyl group, the lower reactivity of 253 where both faces are 
equally hindered was not unexpected. The main reports as shown in the literature 
review were of its use in polymers and perhaps this is where research into this 
compound should concentrate. 
On the whole however this has been a very rewarding and exciting area of research 
with a vast array of reaction combinations examined. The 1,3-dipole reactions proved 
the most rewarding with new fragmentation pathways discovered which helped in the 
rationalisation of some of the later products.  
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Table 8 Atomic coordinates and U(eq) for 166b 
____________________________________________________________________
_ 
    Atom x y z U(eq) 
 
 
 O(1)       3528(1)       2093(1)        9024(3)     21(1)  
   O(2)       3655(1)        2803(1)        6263(3)    25(1)  
   O(3)       6460(1)        3858(1)        8634(4)        33(1)  
O(4)        4057(1)        2064(1)        3929(4)        28(1)  
C(5)        3500(2)        2798(2)       8435(5)        21(1)  
C(6)        2777(2)        3120(2)        8904(5)        24(1)  
O(7)        5764(2)           648(2)        9602(5)        47(1)  
C(8)        3867(2)        1696(2)        7462(5)        18(1)  
C(9)        4661(2)        1502(2)        8108(5)        20(1)  
C(10)        6044(2)       3284(2)        8418(6)        25(1)  
N(11)        5323(2)         857(2)              10826(5)        32(1)  
C(12)        2679(2)         -174(2)        6475(6)        28(1)  
 C(13)        3300(2)            -43(2)        5351(6)        29(1)  
C(14)        5191(2)      2529(2)              10017(5)        21(1)  
C(15)        3427(2)        1048(2)        7059(5)        19(1)  
C(16)        3672(2)           565(2)      5630(5)        23(1)  
C(17)        2178(2)        2813(2)        7578(6)        30(1)  
C(18)        3878(2)        2184(2)        5654(5)        20(1)  
C(19)        2838(2)        3889(2)        8471(6)        32(1)  
O(20)        5437(2)           895(3)              12636(6)        93(2)  
C(21)        6014(2)        2888(2)        6646(5)        28(1)  
C(22)        5577(2)        2314(2)        6607(6)        26(1)  
C(23)        2430(2)           305(2)        7872(6)        28(1)  
C(24)        5632(2)        3102(2)              10093(6)        25(1)  
C(25)        5154(2)        2127(2)        8272(5)        21(1)  
C(26)        2803(2)           917(2)        8165(5)        24(1)  
C(27)        4600(2)        1094(2)              10090(6)        24(1)  
C(28)        2618(2)        3000(2)              11168(6)        30(1)  
C(29)        6897(2)        4066(2)       6944(6)        43(1)  
Cl(2)         5221(10)       5296(7)              6400(30)             194(10)  
Cl(1)         5261(9)        5542(7)             3670(30)              522(15)  
____________________________________________________________________
_ 
 
Table 9 Bond lengths (Ǻ) for 166b 
______________________________________________________ 
 
Atom  Atom Distance  Atom   Atom  Distance 
______________________________________________________ 
 
O(1) C(8) 1.425(4)  C(10) C(24) 1.378(5) 
O(1) C(5) 1.427(4)  C(10) C(21) 1.390(5) 
O(2) C(18) 1.334(4)  N(11) O(20) 1.203(5) 
O(2) C(5) 1.446(4)  N(11) C(27) 1.490(4) 
O(3) C(10) 1.364(4)  C(12) C(23) 1.383(5) 
O(3) C(29) 1.426(5)  C(12) C(13) 1.384(5) 
  
O(4) C(18) 1.197(4)  C(13) C(16) 1.380(5) 
Table 9 Bond lengths (Ǻ) for 166b (Cont'd) 
______________________________________________________ 
 
Atom  Atom Distance  Atom   Atom  Distance 
______________________________________________________ 
 
C(5) C(6) 1.506(5)  C(14) C(24) 1.382(5) 
C(6) C(17) 1.524(5)  C(14) C(25) 1.384(5) 
C(6) C(28) 1.525(5)  C(15) C(26) 1.382(5) 
C(6) C(19) 1.528(5)  C(15) C(16) 1.401(5) 
O(7) N(11) 1.211(4)  C(21) C(22) 1.379(5) 
C(8) C(18) 1.515(5)  C(22) C(25) 1.386(5) 
C(8) C(15) 1.524(4)  C(23) C(26) 1.389(5) 
C(8) C(9)   1.569(5)  Cl(2) Cl(2)#1 1.41(4) 
C(9) C(27) 1.522(5)  Cl(2) Cl(1) 1.85(2) 
C(9) C(25) 1.524(5)  Cl(1) Cl(1)#1 2.32(4) 
______________________________________________________ 
 
Table 10 Bond angles (o) for 166b 
  
 
Atom Atom Atom Angle Atom Atom Atom  Angle 
  
 
C(8) O(1) C(5) 110.2(2)  O(20) N(11) O(7) 123.4(4)  
C(18) O(2) C(5) 110.3(2)  O(20) N(11) C(27) 117.1(3)  
C(10) O(3) C(29) 118.2(3)  O(7) N(11) C(27) 119.5(3)  
O(1) C(5) O(2) 105.3(2)  C(23) C(12) C(13) 120.0(3)  
O(1) C(5) C(6) 112.2(3)  C(16) C(13) C(12) 120.0(3)  
O(2) C(5) C(6) 111.8(3)  C(24) C(14) C(25) 121.0(3)  
C(5) C(6) C(17) 111.3(3)  C(26) C(15) C(16) 119.5(3)  
C(5) C(6) C(28) 107.6(3)  C(26) C(15) C(8) 120.5(3)  
C(17) C(6) C(28) 110.6(3)  C(16) C(15) C(8) 120.0(3)  
C(5) C(6) C(19) 107.8(3)  C(13) C(16) C(15) 120.2(3)  
C(17) C(6) C(19) 109.4(3)  O(4) C(18) O(2) 122.8(3)  
C(28) C(6) C(19) 110.1(3)  O(4) C(18) C(8) 127.8(3)  
O(1) C(8) C(18) 102.9(2)  O(2) C(18) C(8) 109.3(3)  
O(1) C(8) C(15) 109.8(2)  C(22) C(21) C(10) 119.2(3)  
C(18) C(8) C(15) 113.1(3)  C(21) C(22) C(25) 121.8(3)  
O(1) C(8) C(9) 110.4(3)  C(12) C(23) C(26) 120.3(3)  
C(18) C(8) C(9) 110.4(3)  C(10) C(24) C(14) 120.2(3)  
C(15) C(8) C(9) 110.1(3)  C(14) C(25) C(22) 118.0(3)  
C(27) C(9) C(25) 113.6(3)  C(14) C(25) C(9) 122.7(3)  
C(27) C(9) C(8) 106.6(3)  C(22) C(25) C(9) 119.3(3)  
C(25) C(9) C(8) 112.5(3)  C(15) C(26) C(23) 119.9(3)  
O(3) C(10) C(24) 116.0(3)  N(11) C(27) C(9) 111.7(3)  
O(3) C(10) C(21) 124.2(3)  Cl(2)#1 Cl(2) Cl(1) 103.6(9)  
C(24) C(10) C(21) 119.8(3)  Cl(2) Cl(1) Cl(1)#1  75.4(8)  
  
  
 
Table 11 Torsion angles [o] for 166b 
 
 
Atom Atom Atom  Atom Angle 
 
C(8) O(1) C(5) O(2) 15.4(4) 
C(8) O(1) C(5) C(6) 136.7(3) 
C(18) O(2) C(5) O(1) -10.7(4) 
C(18) O(2) C(5) C(6) -132.2(3) 
O(1) C(5) C(6) C(28) 54.1(4) 
O(2) C(5) C(6) C(28) 171.7(3) 
O(1) C(5) C(6) C(19) 173.1(3) 
O(2) C(5) C(6) C(19) -69.3(4) 
O(1) C(5) C(6) C(17) -67.1(4) 
O(2) C(5) C(6) C(17) 50.6(4) 
C(5) O(1) C(8) C(18) -13.7(4) 
C(5) O(1) C(8) C(15) -134.3(3) 
C(5) O(1) C(8) C(9) 103.4(3) 
O(1) C(8) C(9) C(25) -65.2(4) 
C(18) C(8) C(9) C(25) 47.4(4) 
C(15) C(8) C(9) C(25) 173.0(3) 
O(1) C(8) C(9) C(27) 60.2(4) 
C(18) C(8) C(9) C(27) 172.8(3) 
C(15) C(8) C(9) C(27) -61.6(4) 
C(29) O(3) C(10) C(24) -179.5(4) 
C(29) O(3) C(10) C(21) -0.1(6) 
C(23) C(12) C(13) C(16) 0.8(6) 
O(1) C(8) C(15) C(16) -178.2(3) 
C(18) C(8) C(15) C(16) 67.7(4) 
C(9) C(8) C(15) C(16) -56.0(4) 
O(1) C(8) C(15) C(26) -0.8(5) 
C(18) C(8) C(15) C(26) -114.8(4) 
C(9) C(8) C(15) C(26) 121.5(4) 
C(26) C(15) C(16) C(13) -1.4(6) 
C(8) C(15) C(16) C(13) 176.1(3) 
C(12) C(13) C(16) C(15) 0.3(6) 
C(5) O(2) C(18) O(4) -177.9(4) 
C(5) O(2) C(18) C(8) 2.3(4) 
O(1) C(8) C(18) O(4) -172.9(4) 
C(15) C(8) C(18) O(4) -54.6(5) 
C(9) C(8) C(18) O(4) 69.5(5) 
O(1) C(8) C(18) O(2) 6.9(4) 
C(15) C(8) C(18) O(2) 125.3(3) 
C(9) C(8) C(18) O(2) -110.6(3) 
O(3) C(10) C(21) C(22) 179.6(4) 
C(24) C(10) C(21) C(22) -1.0(6) 
C(10) C(21) C(22) C(25) 1.6(6) 
C(13) C(12) C(23) C(26) -0.8(6) 
  
C(25) C(14) C(24) C(10) -0.2(6) 
 
Table 11 Torsion angles [o] for 166b (Cont'd) 
 
 
Atom Atom Atom  Atom Angle 
 
 
O(3) C(10) C(24) C(14) 179.8(4) 
C(21) C(10) C(24) C(14) 0.3(6) 
C(21) C(22) C(25) C(14) -1.5(6) 
C(21) C(22) C(25) C(9) 177.7(4) 
C(24) C(14) C(25) C(22) 0.7(5) 
C(24) C(14) C(25) C(9) -178.3(4) 
C(27) C(9) C(25) C(22) 143.9(4) 
C(8) C(9) C(25) C(22) -94.8(4) 
C(27) C(9) C(25) C(14) -37.1(5) 
C(8) C(9) C(25) C(14) 84.3(4) 
C(16) C(15) C(26) C(23) 1.5(6) 
C(8) C(15) C(26) C(23) -176.0(4) 
C(12) C(23) C(26) C(15) -0.4(6) 
O(20) N(11) C(27) C(9) 138.2(5) 
O(7) N(11) C(27) C(9) -40.4(5) 
C(25) C(9) C(27) N(11) -57.1(4) 
C(8) C(9) C(27) N(11) 178.0(3) 
C(4) C(2) C(3) C(3)#2 -104.3(18) 
C(4) C(2) C(3) C(7)#3 -28.6(15) 
C(4) C(2) C(3) C(1)#4 -17.9(14) 
C(3)#2 C(3) C(4) C(2) 112(2) 
C(7)#3 C(3) C(4) C(2) 152.2(14) 
C(1)#4 C(3) C(4) C(2) 151(2) 
C(2) C(3) C(4) C(1)#4 -151(2) 
C(3)#2 C(3) C(4) C(1)#4 -39(3) 
C(7)#3 C(3) C(4) C(1)#4 1.2(13) 
C(2) C(3) C(4) C(7)#3 -152.2(14) 
C(3)#2 C(3) C(4) C(7)#3 -40.7(18) 
C(1)#4 C(3) C(4) C(7)#3 -1.2(13) 
C(3) C(2) C(4) C(1)#4 110(5) 
C(3) C(2) C(4) C(7)#3 45(2) 
C(4)#1 C(1) C(7) C(1)#2 -162.4(14) 
C(3)#1 C(1) C(7) C(1)#2 -163.6(7) 
C(4)#1 C(1) C(7) C(3)#5 38(2) 
C(1)#2 C(1) C(7) C(3)#5 -159.2(13) 
C(3)#1 C(1) C(7) C(3)#5 37.2(19) 
C(4)#1 C(1) C(7) C(3)#1 1.2(14) 
C(1)#2 C(1) C(7) C(3)#1 163.6(7) 
C(1)#2 C(1) C(7) C(4)#1 162.4(14) 
C(3)#1 C(1) C(7) C(4)#1 -1.2(14) 
C(4)#1 C(1) C(7) C(4)#5 76(11) 
  
C(1)#2 C(1) C(7) C(4)#5 -122(10) 
C(3)#1 C(1) C(7) C(4)#5 74(11) 
__________________________________________________________________ 
Table 12 Atomic coordinates and U(eq) for 305 
____________________________________________________________________
_ 
 
   Atom     x    y     z U(eq) 
____________________________________________________________________
_ 
O(1)   7785(1) 11125(2) 6522(1)  17(1) 
C(2)   7744(2)   9451(3) 7342(2)  16(1) 
C(3)   8214(2)   7494(3) 6693(2)  17(1) 
O(3)   8368(1)   5713(2) 7027(1)  24(1) 
O(4)   8514(1)   8111(2) 5628(1)  21(1) 
C(5)   8334(2) 10390(3) 5498(2)  17(1) 
C(6)   7488(2) 10921(3) 4465(2)  18(1) 
C(7)   7367(2) 13358(3) 4414(2)  26(1) 
C(8)   8149(2) 10061(4) 3405(2)  26(1) 
C(9)   6147(2)   9892(4) 4559(2)  25(1) 
C(10)   8696(2)   9866(3) 8337(2)  16(1) 
C(11)   8292(2) 11746(3) 9076(2)  17(1) 
O(12)   9486(1) 12604(2) 9568(1)  20(1) 
C(13) 10502(2) 11946(3) 8959(2)  20(1) 
O(13) 11584(1) 12532(3) 9195(1)  29(1) 
C(14) 10057(2) 10500(3) 8010(2)  21(1) 
C(15)   6380(2)   9234(3) 7790(2)  17(1) 
C(16)   5997(2)   7420(3) 8375(2)  23(1) 
C(17)   4778(2)   7330(4) 8845(2)  25(1) 
C(18)   3944(2)   9055(3) 8745(2)  23(1) 
C(19)   4326(2) 10875(3) 8171(2)  21(1) 
C(20)   5531(2) 10963(3) 7688(2)  19(1) 
____________________________________________________________________
_ 
 
 
 
Table 13 Bond lengths (Ǻ) for 305 
________________________________________________________ 
 
Atom Atom Distance Atom  Atom Distance 
________________________________________________________ 
 
O(1) C(5)  1.423(2) C(10) C(14)  1.524(3) 
O(1) C(2)  1.427(2) C(10) C(11)  1.528(3) 
C(2) C(15)  1.526(3) C(11) O(12)  1.460(2) 
C(2) C(3)  1.528(3) O(12) C(13)  1.352(2) 
C(2) C(10)  1.541(2) C(13)  O(13)  1.208(2) 
C(3) O(3)  1.192(2) C(13)  C(14)  1.504(3) 
C(3) O(4)  1.357(2) C(15) C(16)  1.390(3) 
  
O(4) C(5)  1.445(2) C(15) C(20)  1.398(3) 
C(5) C(6)  1.525(3) C(16) C(17)  1.392(3) 
C(6) C(7)  1.530(3) C(17) C(18)  1.386(3) 
C(6) C(8)  1.536(3) C(18) C(19)  1.386(3) 
C(6) C(9)  1.539(3) C(19) C(20)  1.386(3) 
________________________________________________________ 
 
Table 14 Bond angles (o) for 305 
 
 
Atom Atom  Atom Angle Atom Atom  Atom Angle 
 
 
C(5) O(1) C(2) 110.85(13) C(8) C(6) C(9) 109.37(16) 
O(1) C(2) C(15) 109.86(14) C(14) C(10) C(11) 102.15(15) 
O(1) C(2) C(3) 103.54(14) C(14) C(10) C(2) 115.74(15) 
C(15) C(2) C(3) 114.17(15) C(11) C(10) C(2) 112.73(15) 
O(1) C(2) C(10) 111.45(14) O(12) C(11) C(10) 105.66(14) 
C(15) C(2) C(10) 109.59(14) C(13) O(12) C(11) 109.91(14) 
C(3) C(2) C(10) 108.13(14) O(13) C(13) O(12) 121.05(18) 
O(3) C(3) O(4) 122.77(17) O(13) C(13) C(14) 128.56(18) 
O(3) C(3) C(2) 128.62(17) O(12) C(13) C(14) 110.38(15) 
O(4) C(3) C(2) 108.54(15) C(13) C(14) C(10) 103.91(15) 
C(3) O(4) C(5) 110.30(15) C(16) C(15) C(20) 119.16(17) 
O(1) C(5) O(4) 106.38(15) C(16) C(15) C(2) 121.40(16) 
O(1) C(5) C(6) 112.02(14) C(20) C(15) C(2) 119.24(17) 
O(4) C(5) C(6) 111.74(15) C(15) C(16) C(17) 120.14(18) 
C(5) C(6) C(7) 107.05(16) C(18) C(17) C(16) 120.34(19) 
C(5) C(6) C(8) 108.41(15) C(17) C(18) C(19) 119.76(18) 
C(7) C(6) C(8) 110.77(17) C(20) C(19) C(18) 120.16(19) 
C(5) C(6) C(9) 110.98(16) C(19) C(20) C(15) 120.41(18) 
C(7) C(6) C(9) 110.22(17) 
 
 
Table 15 Torsion angles [o] for 305 
 
 
Atom Atom Atom  Atom Angle 
 
C(5) O(1) C(2) C(15)    -127.44(15) 
C(5) O(1) C(2) C(3)     -5.11(17) 
C(5) O(1) C(2) C(10) 110.90(16) 
O(1) C(2) C(3) O(3) 178.56(17) 
C(15) C(2) C(3) O(3) -62.0(2) 
C(10) C(2) C(3) O(3) 60.2(2) 
O(1) C(2) C(3) O(4) 1.71(18) 
C(15) C(2) C(3) O(4) 121.12(16) 
C(10) C(2) C(3) O(4) -116.63(15) 
O(3) C(3) O(4) C(5) -174.82(16) 
  
C(2) C(3) O(4) C(5) 2.25(19) 
C(2) O(1) C(5) O(4) 6.56(18) 
C(2) O(1) C(5) C(6) 128.92(16) 
C(3) O(4) C(5) O(1) -5.37(18) 
C(3) O(4) C(5) C(6) -127.91(16) 
O(1) C(5) C(6) C(7) 60.8(2) 
 
Table 15 Torsion angles [o] for 305 (Cont'd) 
 
 
Atom Atom Atom  Atom Angle 
 
O(4)  C(5) C(6) C(7 -179.98(16) 
O(1) C(5) C(6) C(8) -179.70(15) 
O(4) C(5) C(6) C(8) -60.4(2) 
O(1) C(5) C(6) C(9) -59.6(2) 
O(4) C(5) C(6) C(9) 59.7(2) 
O(1) C(2) C(10) C(14) -48.0(2) 
C(15) C(2) C(10) C(14) -169.84(16) 
C(3) C(2) C(10) C(14) 65.1(2) 
O(1) C(2) C(10) C(11) 69.06(19) 
C(15) C(2) C(10) C(11) -52.8(2) 
C(3) C(2) C(10) C(11) -177.78(14) 
C(14) C(10) C(11) O(12) -27.44(19) 
C(2) C(10) C(11) O(12) -152.32(14) 
C(10) C(11) O(12) C(13) 19.0(2) 
C(11) O(12) C(13) O(13) 177.41(18) 
C(11) O(12) C(13) C(14) -1.9(2) 
O(13) C(13) C(14) C(10) 164.9(2) 
O(12) C(13) C(14) C(10) -15.9(2) 
C(11) C(10) C(14) C(13) 25.76(19) 
C(2) C(10) C(14) C(13) 148.61(16) 
O(1) C(2) C(15) C(16) 163.88(16) 
C(3) C(2) C(15) C(16) 48.1(2) 
C(10) C(2) C(15) C(16) -73.3(2) 
O(1) C(2) C(15) C(20) -21.3(2) 
C(3) C(2) C(15) C(20) -137.07(17) 
C(10) C(2) C(15) C(20) 101.49(18) 
C(20 C(15) C(16) C(17) 0.5(3) 
C(2) C(15) C(16) C(17) 175.33(17) 
C(15) C(16) C(17) C(18) -0.7(3) 
C(16) C(17) C(18) C(19) 0.2(3) 
C(17) C(18) C(19) C(20) 0.7(3) 
C(18) C(19) C(20) C(15) -1.0(3) 
C(16) C(15) C(20) C(19) 0.4(3) 
C(2) C(15) C(20) C(19) -174.59(17) 
____________________________________________________________________________________________________ 
 
 
  
 
 
 
 
 
 
 
 
Table 16 Atomic coordinates and U(eq) for 311 
____________________________________________________________________
_ 
 Atom x y z U(eq) 
____________________________________________________________________
_   
 O(1) 2951(3) 3296(11) 1622(5) 26(2) 
 C(2) 2439(4) 1701(16) 1509(6) 23(2) 
 C(3) 2763(5) -42(19) 2210(9) 37(3) 
 O(3) 2582(4) -1941(12) 2292(6) 38(2) 
 O(4) 3327(3) 670(11) 2762(5) 31(2) 
 C(5) 3397(4) 2994(17) 2522(8) 30(2) 
 C(6) 4083(5) 3463(16) 2431(8) 37(3) 
 C(7) 4119(4) 5909(18) 2217(9) 37(3) 
 C(8) 4526(5) 2980(20) 3433(8) 40(3) 
 C(9) 4289(5) 2120(19) 1631(9) 40(3) 
 C(10) 2249(5) 976(18) 468(8) 36(2) 
 O(11) 2049(3) 2801(11) 2962(4) 26(2) 
 C(12) 1851(4) 2671(17) 1938(7) 25(2) 
 O(12) 1688(3) 4688(11) 1491(5) 31(2) 
 C(13) 1238(5) 1215(18) 1778(7) 32(2) 
 O(14) 979(3) 1843(13) 2612(5) 34(2) 
 C(15) 1524(4) 2062(17) 3400(8) 32(2) 
 C(16) 1397(5) 3692(19) 4176(7) 36(3) 
 C(17) 1971(6) 3650(20) 5041(8) 44(3) 
 C(18) 1281(6) 5957(18) 3720(9) 40(3) 
 C(19) 774(6) 2900(20) 4523(9) 45(3) 
 C(20) 723(5) 1600(20) 868(9) 46(3) 
____________________________________________________________________
_ 
 
 
Table 17 Bond lengths (Ǻ) for 311 
_________________________________________________________ 
 Atom  Atom Distance   Atom Atom Distance 
_________________________________________________________ 
 
 O(1) C(5)  1.405(12)  O(11) C(12)  1.395(11) 
 O(1) C(2)  1.434(11)  O(11) C(15)  1.434(11) 
 C(2)  C(10)  1.484(14)  C(12)  O(12)  1.396(13) 
 C(2)  C(3)  1.507(14)  C(12)  C(13)  1.540(14) 
 C(2)  C(12)  1.588(11)  C(13)  O(14)  1.427(12) 
  
 C(3) O(3)  1.239(13)  C(13)  C(20)  1.496(15) 
 C(3) O(4)  1.339(13)  O(14) C(15)  1.410(12) 
 O(4)  C(5)  1.480(12)  C(15)  C(16)  1.533(14) 
 C(5)  C(6)  1.493(14)  C(16)  C(17)  1.509(15) 
 C(6)  C(9)  1.516(15)  C(16)  C(18)  1.527(16) 
 C(6)  C(8)  1.530(16)  C(16)  C(19)  1.557(15) 
 C(6)  C(7)  1.537(14)  
_________________________________________________________ 
 
 
 
Table 18 Bond angles (o) for 311 
____________________________________________________________________ 
 Atom  Atom Atom Angle   Atom Atom Atom Angle 
____________________________________________________________________ 
 
 C(5) O(1) C(2) 110.3(7)  C(12) O(11) C(15) 108.8(7)  
 O(1) C(2) C(10) 110.6(7)  O(12) C(12) O(11) 113.2(7)  
 O(1) C(2) C(3) 101.0(7)  O(12) C(12) C(13) 109.4(8)  
 C(10) C(2) C(3) 114.0(9)  O(11) C(12) C(13) 103.9(7)  
 O(1) C(2) C(12) 108.6(7)  O(12) C(12) C(2) 107.7(7)  
 C(10) C(2) C(12) 114.0(8)  O(11) C(12) C(2) 108.3(7)  
 C(3) C(2) C(12) 107.6(7)  C(13) C(12) C(2) 114.4(8)  
 O(3) C(3) O(4) 120.3(9)  O(14) C(13) C(20) 108.2(9)  
 O(3) C(3) C(2) 128.6(10)  O(14) C(13) C(12) 99.8(7)  
 O(4) C(3) C(2) 111.1(9)  C(20) C(13) C(12) 117.3(9)  
 C(3) O(4) C(5) 107.6(7)  C(15) O(14) C(13) 105.8(7)  
 O(1) C(5) O(4) 104.4(7)  O(14) C(15) O(11) 105.5(8)  
 O(1) C(5) C(6) 111.7(9)  O(14) C(15) C(16) 112.1(8)  
 O(4) C(5) C(6) 110.2(8)  O(11) C(15) C(16) 110.5(8)  
 C(5) C(6) C(9) 112.4(9)  C(17) C(16) C(18) 112.0(10)  
 C(5) C(6) C(8) 107.2(9)  C(17) C(16) C(15) 108.8(9)  
 C(9) C(6) C(8) 110.4(9)  C(18) C(16) C(15) 109.9(9)  
 C(5) C(6) C(7) 107.0(8)  C(17) C(16) C(19) 109.1(9)  
 C(9) C(6) C(7) 111.0(10)  C(18) C(16) C(19) 110.0(10)  
 C(8) C(6) C(7) 108.7(9)  C(15) C(16) C(19) 106.9(9) 
____________________________________________________________________ 
 
 
Table 19 Torsion angles (o) for 311 
 
 
Atom  Atom  Atom  Atom  Angle 
 
C(5) O(1) C(2) C(10) -142.4(8) 
C(5) O(1) C(2) C(3) -21.3(9) 
C(5) O(1) C(2) C(12) 91.8(8) 
O(1) C(2) C(3) O(3) -167.3(10) 
C(10) C(2) C(3) O(3) -48.6(14) 
  
C(12) C(2) C(3) O(3) 78.9(13) 
O(1) C(2) C(3) O(4) 10.0(10) 
C(10) C(2) C(3) O(4) 128.7(9) 
C(12) C(2) C(3) O(4) -103.8(9) 
O(3) C(3) O(4) C(5) -178.2(9) 
C(2) C(3) O(4) C(5) 4.2(11) 
C(2) O(1) C(5) O(4) 24.4(9) 
C(2) O(1) C(5) C(6) 143.6(8) 
C(3) O(4) C(5) O(1) -17.2(9) 
C(3) O(4) C(5) C(6) -137.3(9) 
O(1) C(5) C(6) C(9) -55.9(11) 
 
Table 19 Torsion angles (o) for 311 (Cont'd) 
 
 
Atom  Atom  Atom  Atom  Angle 
 
O(4) C(5) C(6) C(9) 59.8(12) 
O(1) C(5) C(6) C(8) -177.3(9) 
O(4) C(5) C(6) C(8) -61.6(10) 
O(1) C(5) C(6) C(7) 66.2(11) 
O(4) C(5) C(6) C(7) -178.1(9) 
C(15) O(11) C(12) O(12) 103.6(9) 
C(15) O(11) C(12) C(13) -15.1(9) 
C(15) O(11) C(12) C(2) -137.1(8) 
O(1) C(2) C(12) O(12) 52.7(9) 
C(10) C(2) C(12) O(12) -71.2(10) 
C(3) C(2) C(12) O(12) 161.3(8) 
O(1) C(2) C(12) O(11) -70.1(9) 
C(10) C(2) C(12) O(11) 166.0(8) 
C(3) C(2) C(12) O(11) 38.5(10) 
O(1) C(2) C(12) C(13) 174.5(7) 
C(10) C(2) C(12) C(13) 50.7(11) 
C(3) C(2) C(12) C(13) -76.9(10) 
O(12) C(12) C(13) O(14) -87.8(8) 
O(11) C(12) C(13) O(14) 33.4(9) 
C(2) C(12) C(13) O(14) 151.3(8) 
O(12) C(12) C(13) C(20) 28.8(12) 
O(11) C(12) C(13) C(20) 150.0(9) 
C(2) C(12) C(13) C(20) -92.1(12) 
C(20) C(13) O(14) C(15) -163.2(9) 
C(12) C(13) O(14) C(15) -40.0(10) 
C(13) O(14) C(15) O(11) 32.5(10) 
C(13) O(14) C(15) C(16) 152.8(9) 
C(12) O(11) C(15) O(14) -9.5(10) 
C(12) O(11) C(15) C(16) -130.9(9) 
O(14) C(15) C(16) C(17) 174.0(10) 
O(11) C(15) C(16) C(17) -68.6(11) 
O(14) C(15) C(16) C(18) -63.0(11) 
  
O(11) C(15) C(16) C(18) 54.3(11) 
O(14) C(15) C(16) C(19) 56.4(12) 
O(11) C(15) C(16) C(19) 173.7(9) 
________________________________________________________________ 
 
 
 
 
 
 
 
 
 
Table 20 Atomic coordinates and U(eq) for 339 
___________________________________________________________________ 
 
 Atom x y z  U(eq) 
___________________________________________________________________ 
O(1) 2394(2) 3122(1) 6965(1) 25(1) 
C(2) 1859(3) 1937(2) 7187(1) 20(1) 
C(3) 3331(3) 1155(2) 6975(1) 21(1) 
O(3) 3431(2) 67(1) 6987(1) 25(1) 
O(4) 4620(2) 1858(1) 6785(1) 24(1) 
C(5) 4141(3) 3121(2) 6838(1) 21(1) 
C(6) 4594(3) 3787(2) 6111(1) 20(1) 
C(7) 4104(3) 5111(2) 6203(1) 27(1) 
C(8) 6474(3) 3698(2) 6003(1) 26(1) 
C(9) 3708(4) 3236(2) 5429(1) 31(1) 
C(10) 1486(3) 1792(2) 8048(1) 20(1) 
C(11) 290(3) 2817(2) 8226(1) 20(1) 
C(12) -1316(3) 2448(2) 7870(1) 19(1) 
C(13) -949(3) 1252(2) 7486(1) 21(1) 
C(14) 186(3) 1582(2) 6807(1) 22(1) 
C(15) 339(3) 679(2) 8025(1) 21(1) 
N(16) -1114(2) 2457(2) 8705(1) 20(1) 
C(17) -1894(3) 3327(2) 9143(1) 20(1) 
O(17) -1176(2) 4104(2) 9500(1) 28(1) 
O(18) -3537(2) 3141(1) 9156(1) 23(1) 
C(19) -4493(3) 3965(2) 9626(1) 26(1) 
C(20) -6270(3) 3847(2) 9388(2) 33(1) 
____________________________________________________________________ 
 
 
Table 21 Bond lengths (Ǻ) for 339 
____________________________________________________________ 
 
 Atom  Atom  Distance  Atom Atom  Distance 
____________________________________________________________ 
 
 O(1) C(5)  1.424(3)  C(10) C(15)  1.539(3)  
  
 O(1) C(2) 1.435(3)  C(11) N(16)  1.466(3)  
 C(2) C(3)  1.513(3)  C(11) C(12)  1.493(3)  
 C(2) C(14)  1.553(3)  C(12) N(16)  1.480(3)  
 C(2) C(10)  1.556(3)  C(12) C(13)  1.516(3)  
 C(3) O(3)  1.207(3)  C(13) C(15)  1.542(3)  
 C(3) O(4)  1.339(3)  C(13) C(14)  1.549(3)  
 O(4) C(5)  1.453(3)  N(16) C(17)  1.385(3)  
 C(5) C(6)  1.521(3)  C(17) O(17)  1.212(3)  
 C(6) C(7)  1.527(3)  C(17) O(18)  1.338(3)  
 C(6) C(9)  1.525(3)  O(18)  C(19)  1.452(3)  
 C(6) C(8)  1.528(3)  C(19)  C(20)  1.496(4)  
 C(10) C(11)  1.520(3) 
____________________________________________________________ 
Table 22 Bond angles (o) for 339 
______________________________________________________________________ 
 
  Atom Atom Atom Angle    Atom  Atom Atom  Angle 
______________________________________________________________________ 
 C(5) O(1) C(2) 109.76(17)  C(11) C(10) C(2) 104.26(17)  
 O(1) C(2) C(3) 102.77(18)  C(15) C(10) C(2) 99.91(17)  
 O(1) C(2) C(14) 111.94(18)  N(16) C(11) C(12) 60.03(14)  
 C(3) C(2) C(14) 115.30(18)  N(16) C(11) C(10) 113.78(18)  
 O(1) C(2) C(10) 114.71(18)  C(12) C(11) C(10) 104.89(18)  
 C(3) C(2) C(10) 109.40(18)  N(16) C(12) C(11) 59.10(14)  
 C(14) C(2) C(10) 103.12(18)  N(16) C(12) C(13) 115.37(19)  
 O(3) C(3) O(4) 122.2(2)  C(11) C(12) C(13) 104.95(19)  
 O(3) C(3) C(2) 128.2(2)  C(12) C(13) C(15) 102.40(18)  
 O(4) C(3) C(2) 109.60(19)  C(12) C(13) C(14) 104.75(18)  
 C(3) O(4) C(5) 109.73(17)  C(15) C(13) C(14) 100.13(19)  
 O(1) C(5) O(4) 105.83(18)  C(13) C(14) C(2) 103.76(18)  
 O(1) C(5) C(6) 111.61(19)  C(10) C(15) C(13) 95.16(17)  
 O(4) C(5) C(6) 110.38(18)  C(17) N(16) C(11) 118.75(18)  
 C(5) C(6) C(7) 108.29(19)  C(17) N(16) C(12) 120.59(18)  
 C(5) C(6) C(9) 110.98(19)  C(11) N(16) C(12) 60.88(14)  
 C(7) C(6) C(9) 110.3(2)  O(17) C(17) O(18) 124.9(2)  
 C(5) C(6) C(8) 108.1(2)  O(17) C(17) N(16) 124.6(2)  
 C(7) C(6) C(8) 109.3(2)  O(18) C(17) N(16) 110.4(2)  
 C(9) C(6) C(8) 109.8(2)  C(17) O(18) C(19) 115.85(19)  
 C(11) C(10) C(15) 102.92(18)  O(18) C(19) C(20) 106.98(19) 
______________________________________________________________________ 
 
 
Table 23 Torsion angles [o] for 339 
 
 
Atom  Atom  Atom  Atom  Angle 
 
C(5) O(1) C(2) C(3)  -14.9(2) 
C(5) O(1) C(2) C(14) -139.25(19) 
  
C(5) O(1) C(2) C(10) 103.7(2) 
O(1) C(2) C(3) O(3)  -172.6(2) 
C(14) C(2) C(3) O(3)  -50.5(3) 
C(10) C(2) C(3) O(3)  65.1(3) 
O(1) C(2) C(3) O(4)  9.6(2) 
C(14) C(2) C(3) O(4)  131.69(19) 
C(10) C(2) C(3) O(4)  -112.7(2) 
O(3) C(3) O(4) C(5)  -178.8(2) 
C(2) C(3) O(4) C(5) -0.8(2) 
C(2) O(1) C(5) O(4)  14.9(2) 
C(2) O(1) C(5) C(6)  135.05(19) 
C(3) O(4) C(5) O(1)  -8.5(2) 
C(3) O(4) C(5) C(6)  -129.4(2) 
 
Table 23 Torsion angles [o] for 339 (Cont'd) 
 
 
Atom  Atom  Atom  Atom  Angle 
 
O(1) C(5) C(6) C(7)  63.9(2) 
O(4) C(5) C(6) C(7)  -178.66(18) 
O(1) C(5) C(6) C(9)  -57.3(3) 
O(4) C(5) C(6) C(9)  60.1(3) 
O(1) C(5) C(6) C(8)  -177.77(18) 
O(4) C(5) C(6) C(8)  -60.4(2) 
O(1) C(2) C(10) C(11) 52.2(2) 
C(3) C(2) C(10) C(11) 167.05(19) 
C(14) C(2) C(10) C(11) -69.8(2) 
O(1) C(2) C(10) C(15) 158.39(18) 
C(3) C(2) C(10) C(15) -86.8(2) 
C(14) C(2) C(10) C(15) 36.4(2) 
C(15) C(10) C(11) N(16) 32.2(2) 
C(2) C(10) C(11) N(16) 136.17(19) 
C(15) C(10) C(11) C(12) -31.2(2) 
C(2) C(10) C(11) C(12) 72.8(2) 
C(10) C(11) C(12) N(16) 109.17(18) 
N(16) C(11) C(12) C(13) -110.92(19) 
C(10) C(11) C(12) C(13) -1.8(2) 
N(16) C(12) C(13) C(15) -28.6(3) 
C(11) C(12) C(13) C(15) 33.9(2) 
N(16) C(12) C(13) C(14) -132.7(2) 
C(11) C(12) C(13) C(14) -70.2(2) 
C(12) C(13) C(14) C(2)  71.0(2) 
C(15) C(13) C(14) C(2)  -34.8(2) 
O(1) C(2) C(14) C(13) -124.76(19) 
C(3) C(2) C(14) C(13) 118.2(2) 
C(10) C(2) C(14) C(13) -0.9(2) 
C(11) C(10) C(15) C(13) 49.89(19) 
C(2) C(10) C(15) C(13) -57.37(19) 
C(12) C(13) C(15) C(10) -50.9(2) 
C(14) C(13) C(15) C(10) 56.78(19) 
  
C(12) C(11) N(16) C(17) -111.0(2) 
C(10) C(11) N(16) C(17) 154.9(2) 
C(10) C(11) N(16) C(12) -94.0(2) 
C(11) C(12) N(16) C(17) 108.1(2) 
C(13) C(12) N(16) C(17) -159.1(2) 
C(13) C(12) N(16) C(11) 92.8(2) 
C(11) N(16) C(17) O(17) -42.3(3) 
C(12) N(16) C(17) O(17) -113.6(3) 
C(11) N(16) C(17) O(18) 141.7(2) 
C(12) N(16) C(17) O(18) 70.4(3) 
O(17) C(17) O(18) C(19) 1.3(3) 
N(16) C(17) O(18) C(19) 177.35(16) 
C(17) O(18) C(19) C(20) 163.6(2) 
____________________________________________________________________
_ 
Table 24 Atomic coordinates and U(eq) for 340 
__________________________________________________________________ 
 Atom x y z U(eq) 
__________________________________________________________________ 
 O(1) 5246(4) 5720(1) 10824(1) 27(1) 
  C(2) 5180(6) 6001(2) 10068(2) 19(1) 
  C(3) 5100(5) 7072(2) 10129(2) 18(1) 
O(3) 4906(4) 7640(2) 9647(1) 25(1) 
O(4) 5327(4) 7319(2) 10831(1) 27(1) 
C(5) 5915(7) 6491(2) 11252(2) 30(1) 
C(6) 4850(6) 6522(2) 12004(2) 26(1) 
C(7) 2430(6) 6647(3) 11935(2) 40(1) 
C(8) 5309(9) 5587(3) 12386(2) 53(1) 
C(9) 5827(8) 7344(3) 12431(2) 55(1) 
C(10) 3200(5) 5587(2) 9676(2) 23(1) 
C(11) 3383(6) 4527(2) 9813(2) 23(1) 
C(12) 5185(6) 4212(2) 9338(2) 24(1) 
C(13) 5966(6) 5109(2) 8971(2) 27(1) 
C(14) 7089(5) 5658(2) 9590(2) 23(1) 
C(15) 3930(6) 5673(2) 8874(2) 29(1) 
N(16) 2976(5) 3943(2) 9159(2) 27(1) 
C(17) 2371(6) 3001(2) 9256(2) 27(1) 
O(17) 912(4) 2733(2) 9628(2) 36(1) 
O(18) 3568(4) 2461(2) 8819(1) 31(1) 
C(19) 3217(7) 1449(2) 8877(2) 37(1) 
C(20) 4769(8) 993(3) 8364(2) 48(1) 
___________________________________________________________________ 
 
Table 25 Bond lengths (Ǻ) for 340 
 
______________________________________________________________ 
 Atom  Atom Distance  Atom  Atom Distance 
______________________________________________________________ 
 
 O(1) C(5)  1.409(4)  C(10) C(15)  1.538(5)  
  
 O(1) C(2)  1.437(4)  C(11)  N(16)  1.476(4)  
 C(2)  C(3)  1.526(4)  C(11)  C(12)  1.490(5)  
 C(2)  C(10)  1.545(5)  C(12) N(16)  1.469(5)  
 C(2)  C(14)  1.556(5)  C(12) C(13)  1.519(4)  
 C(3) O(3)  1.198(3)  C(13)  C(15)  1.515(5)  
 C(3) O(4)  1.337(4)  C(13)  C(14)  1.541(5)  
 O(4)  C(5)  1.451(4)  N(16) C(17)  1.401(4)  
 C(5)  C(6)  1.525(5)  C(17)  O(17)  1.199(4)  
 C(6)  C(8)  1.527(5)  C(17)  O(18)  1.335(4)  
 C(6)  C(7)  1.528(6)  O(18)  C(19)  1.458(4)  
 C(6)  C(9)  1.531(5)  C(19)  C(20)  1.494(6)  
 C(10) C(11)  1.530(4) 
_____________________________________________________________ 
Table 26 Bond angles (o) for 340 
_______________________________________________________________________ 
 Atom  Atom  Atom  Angle  Atom  Atom  Atom  Angle 
_______________________________________________________________________ 
 
 C(5) O(1) C(2) 108.9(2)  C(11) C(10) C(2) 103.9(3)  
 O(1) C(2) C(3) 102.0(2)  C(15) C(10) C(2) 99.9(3)  
 O(1) C(2) C(10) 111.1(3)  N(16) C(11) C(12) 59.4(2)  
 C(3) C(2) C(10) 112.8(3)  N(16) C(11) C(10) 114.1(3)  
 O(1) C(2) C(14) 115.4(3)  C(12) C(11) C(10) 104.9(3)  
 C(3) C(2) C(14) 112.2(3)  N(16) C(12) C(11) 59.8(2)  
 C(10) C(2) C(14) 103.6(2)  N(16) C(12) C(13) 115.0(3)  
 O(3) C(3) O(4) 122.5(3)  C(11) C(12) C(13) 104.3(3)  
 O(3) C(3) C(2) 128.4(3)  C(15) C(13) C(12) 103.0(3)  
 O(4) C(3) C(2) 109.1(2)  C(15) C(13) C(14) 101.5(3)  
 C(3) O(4) C(5) 108.8(2)  C(12) C(13) C(14) 104.4(3)  
 O(1) C(5) O(4) 105.2(3)  C(13) C(14) C(2) 102.7(3)  
 O(1) C(5) C(6) 113.0(3)  C(13) C(15) C(10) 95.5(3)  
 O(4) C(5) C(6) 110.0(3)  C(17) N(16) C(12) 118.3(3)  
 C(5) C(6) C(8) 107.7(3)  C(17) N(16) C(11) 118.8(3)  
 C(5) C(6) C(7) 111.2(3)  C(12) N(16) C(11) 60.8(2)  
 C(8) C(6) C(7) 108.9(4)  O(17) C(17) O(18) 125.6(3)  
 C(5) C(6) C(9) 107.8(3)  O(17) C(17) N(16) 125.4(3)  
 C(8) C(6) C(9) 110.9(3)  O(18) C(17) N(16) 108.8(3)  
 C(7) C(6) C(9) 110.3(4)  C(17) O(18) C(19) 116.1(3)  
 C(11) C(10) C(15) 102.2(3)  O(18) C(19) C(20) 106.5(3) 
_______________________________________________________________________ 
 
Table 27 Torsion angles [o] for 340 
____________________________________________________________________
_ 
Atom  Atom  Atom  Atom  Angle 
____________________________________________________________________
_ 
C(5) O(1) C(2) C(3) 19.3(4) 
C(5) O(1) C(2) C(10) 139.7(3) 
C(5) O(1) C(2) C(14) -102.6(3) 
  
O(1) C(2) C(3) O(3) 175.3(3) 
C(10) C(2) C(3) O(3) 56.1(5) 
C(14) C(2) C(3) O(3) -60.6(5) 
O(1) C(2) C(3) O(4) -5.8(4) 
C(10) C(2) C(3) O(4) -125.1(3) 
C(14) C(2) C(3) O(4) 118.3(3) 
O(3) C(3) O(4) C(5) 169.6(3) 
C(2) C(3) O(4) C(5) -9.4(4) 
C(2) O(1) C(5) O(4) -25.4(4) 
C(2) O(1) C(5) C(6) -145.4(3) 
C(3) O(4) C(5) O(1) 21.4(4) 
C(3) O(4) C(5) C(6) 143.4(3) 
O(1) C(5) C(6) C(8) -56.3(4) 
O(4) C(5) C(6) C(8) -173.5(3) 
____________________________________________________________________
_ 
Table 27 Torsion angles [o] for 340 (Cont'd) 
____________________________________________________________________
_ 
Atom  Atom  Atom  Atom  Angle 
____________________________________________________________________
_ 
 
O(1) C(5) C(6) C(7) 62.9(4) 
O(4) C(5) C(6) C(7) -54.2(4) 
O(1) C(5) C(6) C(9) -176.0(3) 
O(4) C(5) C(6) C(9) 66.8(4) 
O(1) C(2) C(10) C(11) 55.1(3) 
C(3) C(2) C(10) C(11) 168.9(3) 
C(14) C(2) C(10) C(11) -69.5(3) 
O(1) C(2) C(10) C(15) 160.4(3) 
C(3) C(2) C(10) C(15) -85.8(3) 
C(14) C(2) C(10) C(15) 35.9(3) 
C(15) C(10) C(11) N(16) 31.6(4) 
C(2) C(10) C(11) N(16) 135.1(3) 
C(15) C(10) C(11) C(12) -31.1(3) 
C(2) C(10) C(11) C(12) 72.4(3) 
C(10) C(11) C(12) N(16) 109.5(3) 
N(16) C(11) C(12) C(13) -110.9(3) 
C(10) C(11) C(12) C(13) -1.4(3) 
N(16) C(12) C(13) C(15) -28.9(3) 
C(11) C(12) C(13) C(15) 34.1(3) 
N(16) C(12) C(13) C(14) -134.7(3) 
C(11) C(12) C(13) C(14) -71.7(3) 
C(15) C(13) C(14) C(2) -34.4(3) 
C(12) C(13) C(14) C(2) 72.4(3) 
O(1) C(2) C(14) C(13) -123.1(3) 
C(3) C(2) C(14) C(13) 120.6(3) 
C(10) C(2) C(14) C(13) -1.4(3) 
C(12) C(13) C(15) C(10) -51.6(3) 
  
C(14) C(13) C(15) C(10) 56.4(3) 
C(11) C(10) C(15) C(13) 50.2(3) 
C(2) C(10) C(15) C(13) -56.5(3) 
C(11) C(12) N(16) C(17) 109.0(3) 
C(13) C(12) N(16) C(17) -158.5(3) 
C(13) C(12) N(16) C(11) 92.5(3) 
C(12) C(11) N(16) C(17) -108.2(3) 
C(10) C(11) N(16) C(17) 158.2(3) 
C(10) C(11) N(16) C(12) -93.6(3) 
C(12) N(16) C(17) O(17) -123.6(4) 
C(11) N(16) C(17) O(17) -53.3(5) 
C(12) N(16) C(17) O(18) 61.6(4) 
C(11) N(16) C(17) O(18) 131.9(3) 
O(17) C(17) O(18) C(19) 8.0(5) 
N(16) C(17) O(18) C(19) -177.2(3) 
C(17) O(18) C(19) C(20) 178.0(3) 
________________________________________________________________  
 
Table 28 Atomic coordinates and U(eq) for 345 
_______________________________________________________________________________________________________ 
Atom  x y z U(eq) 
_______________________________________________________________________________________________________ 
O(1) 8307(2) 3418(4) 7355(2) 20(1) 
C(2) 8134(3) 4968(6)  7361(3)  20(1) 
C(3) 8682(3) 5607(7)  6764(3)  21(1) 
O(3) 8846(2) 6886(5)  6641(2)  26(1) 
O(4) 8995(2) 4463(5)  6351(2)  26(1) 
C(5) 8712(3) 3059(6)  6646(3)  18(1) 
C(6) 9408(3) 1997(7)  6822(3)  20(1) 
C(7) 9082(4)   516(7)  7099(3)  27(1) 
C(8) 9817(3) 1785(8)  6030(3)  27(1) 
C(9) 9996(3) 2657(8)  7462(3)  29(1) 
C(10) 7211(3) 5272(6)  7152(3)  16(1) 
C(11) 7115(3) 6959(7)  7060(3)  20(1) 
C(12) 7226(3) 7510(6)  7842(3)  20(1) 
C(13) 7385(3) 6175(7)  8369(3)  20(1) 
C(14) 8234(3) 5639(7)  8214(3)  21(1) 
O(15) 6916(2) 5039(4)  7934(2)  18(1) 
C(16) 6805(3) 4321(7)  6513(3)  19(1) 
C(17) 6177(3) 3427(7)  6696(3)  23(1) 
C(18) 5766(3) 2608(7)  6095(3)  23(1) 
C(19) 6013(3) 2655(8)  5313(3)  26(1) 
C(20) 6640(3) 3560(8)  5129(3)  26(1) 
C(21) 7035(3) 4407(7)  5725(3)  22(1) 
C(22) 6950(3) 7901(7)  6418(3)  23(1) 
C(23) 6899(4) 9408(8)  6579(4)  31(1) 
C(24) 7016(3) 9979(8)  7351(4)  29(1) 
C(25) 7176(3) 9030(7)  8003(4)  25(1) 
C(26) 7158(3) 6315(6)  9223(3)  18(1) 
C(27) 7677(4) 6973(10) 9789(4)  41(2) 
  
C(28) 7434(4) 7232(9) 10560(4)  39(2) 
C(29) 6712(4) 6838(7) 10781(3)  26(1) 
C(30) 6198(4) 6136(14) 10241(4)  66(3) 
C(31) 6433(4) 5896(11) 9454(4)  50(2) 
C(41) 5000 -5(15) 10000  87(6) 
C(42) 5143(7) 1361(16) 9633(7)  30(3) 
O(43) 5429(5) 1257(15) 8831(5)  45(3) 
C(44) 4843(9) 2586(19) 9780(7)  40(3) 
C(40) 4561(10) -178(17) 10628(10)  48(4) 
____________________________________________________________________
_ 
 
 
 
 
 
 
 
Table 29 Bond Lengths (Ǻ) for 345 
   ________________________________________________________________ 
 Atom Atom Distance Atom Atom Distance 
   ________________________________________________________________ 
 
 O(1) C(2)  1.423(7) C(19) C(20)  1.383(9)  
 O(1) C(5) 1.433(6) C(20) C(21)  1.392(8)  
 C(2) C(3)  1.507(7) C(22) C(23)  1.384(10)  
 C(2) C(14)  1.545(7) C(23) C(24)  1.391(9)  
 C(2) C(10)  1.603(7) C(24) C(25)  1.396(8)  
 C(3) O(3)  1.202(8) C(26) C(31)  1.356(8)  
 C(3) O(4)  1.360(7) C(26) C(27)  1.386(8)  
 O(4) C(5)  1.445(7) C(27) C(28)  1.390(8)  
 C(5) C(6)  1.531(7) C(28) C(29)  1.340(9)  
 C(6) C(7)  1.521(8) C(29) C(30)  1.371(9)  
 C(6) C(8)  1.534(7) C(30) C(31)  1.407(8)  
 C(6) C(9)  1.536(8) C(41) C(40)  1.324(16)  
 C(10) O(15)  1.435(6) C(41) C(40)#1  1.324(16)  
 C(10) C(16)  1.503(7) C(41) C(42) 1.398(18)  
 C(10) C(11)  1.531(8) C(41) C(42)#1  1.398(18)  
 C(11) C(22)  1.382(8) C(42) C(44)  1.24(2)  
 C(11) C(12)  1.397(8) C(42) C(42)#1  1.34(2)  
 C(12) C(25)  1.396(9) C(42) O(43)  1.448(14)  
 C(12) C(13)  1.502(8) C(42) C(44)#1  1.47(2)  
 C(13) O(15)  1.461(7) C(42) C(40)#1  1.54(2)  
 C(13) C(26)  1.499(7) O(43) C(40)#1  1.57(2)  
 C(13) C(14)  1.548(7) C(44) C(44)#1  0.88(3)  
 C(16) C(17)  1.377(8) C(44) C(42)#1  1.47(2)  
 C(16) C(21)  1.391(7) C(40) C(42)#1  1.54(2)  
 C(17) C(18)  1.398(8) C(40) O(43)#1  1.57(2)  
 C(18) C(19)  1.390(7) 
   ________________________________________________________________ 
  
 
 
Table 30 Bond angles (o) for 345 
____________________________________________________________________ 
 
  Atom Atom Atom Angle Atom Atom Atom Angle 
____________________________________________________________________ 
 C(2) O(1) C(5) 109.5(4) C(19) C(18) C(17) 119.6(5)  
 O(1) C(2) C(3) 103.5(4) C(20) C(19) C(18) 119.8(5)  
 O(1) C(2) C(14) 112.0(4) C(19) C(20) C(21) 120.5(5)  
 C(3) C(2) C(14) 114.6(5) C(16) C(21) C(20) 119.7(5)  
 O(1) C(2) C(10) 111.3(4) C(11) C(22) C(23) 117.5(5)  
 C(3) C(2) C(10) 114.6(4) C(22) C(23) C(24) 122.2(6)  
 C(14) C(2) C(10) 101.0(4) C(23) C(24) C(25) 120.5(6)  
 O(3) C(3) O(4) 122.5(5) C(12) C(25) C(24) 117.3(6)  
 O(3) C(3) C(2) 129.2(5) C(31) C(26) C(27) 118.3(5)  
 O(4) C(3) C(2) 108.3(5) C(31) C(26) C(13) 121.8(5) 
____________________________________________________________________ 
Table 30 Bond angles (o) for 345 (Cont'd) 
____________________________________________________________________ 
 
  Atom Atom Atom Angle Atom Atom Atom Angle 
____________________________________________________________________ 
 
 C(3) O(4) C(5) 110.1(4) C(27) C(26) C(13) 119.8(5)  
 O(1) C(5) O(4) 105.3(4) C(26) C(27) C(28) 119.5(5)  
 O(1) C(5) C(6) 112.2(4) C(29) C(28) C(27) 121.9(6)  
 O(4) C(5) C(6) 110.1(4) C(28) C(29) C(30) 119.7(5)  
 C(7) C(6) C(5) 108.5(4) C(29) C(30) C(31) 118.9(6)  
 C(7) C(6) C(8) 109.8(5) C(26) C(31) C(30) 121.7(6)  
 C(5) C(6) C(8) 106.8(4) C(40) C(41) C(40)#1 166.5(18)  
 C(7) C(6) C(9) 111.0(5) C(40) C(41) C(42) 124.5(12)  
 C(5) C(6) C(9) 110.8(5) C(40)#1 C(41) C(42) 68.9(9)  
 C(8) C(6) C(9) 109.9(4) C(40) C(41) C(42)#1 68.9(9)  
 O(15) C(10) C(16) 113.1(4) C(40)#1 C(41) C(42)#1 124.5(12)  
 O(15) C(10) C(11) 101.3(4) C(42) C(41) C(42)#1 57.2(12)  
 O(16) C(10) C(11) 116.7(5) C(44) C(42) C(42)#1 69.4(9)  
 O(15) C(10) C(2) 99.1(4) C(44) C(42) C(41) 127.6(12)  
 C(16) C(10) C(2) 117.4(4) C(42)#1 C(42) C(41) 61.4(6)  
 C(11) C(10) C(2) 106.7(4) C(44) C(42) O(43) 113.5(12)  
 C(22) C(11) C(12) 121.1(5) C(42)#1 C(42) O(43) 175.9(9)  
 C(22) C(11) C(10) 134.4(5) C(41) C(42) O(43) 114.9(11)  
 C(12) C(11) C(10) 104.5(5) C(44) C(42) C(44)#1 36.6(12)  
 C(25) C(12) C(11) 121.3(5) C(42)#1 C(42) C(44)#1 52.2(8)  
 C(25) C(12) C(13) 132.8(5) C(41) C(42) C(44)#1 111.3(11)  
 C(11) C(12) C(13) 105.8(5) O(43) C(42) C(44)#1 131.9(13)  
 O(15) C(13) C(26) 111.7(4) C(44) C(42) C(40)#1 173.3(13)  
 O(15) C(13) C(12) 101.1(4) C(42)#1 C(42) C(40)#1 113.3(9)  
 C(26) C(13) C(12) 116.2(5) C(41) C(42) C(40)#1 53.3(9)  
 O(15) C(13) C(14) 100.5(4) O(43) C(42) C(40)#1 63.4(9)  
  
 C(26) C(13) C(14) 118.1(4) C(44)#1 C(42) C(40)#1 149.9(12)  
 C(12) C(13) C(14) 106.8(4) C(42) O(43) C(40)#1 61.2(8)  
 C(2) C(14) C(13) 102.6(4) C(44)#1 C(44) C(42) 86.0(12)  
 C(10) O(15) C(13) 98.2(4) C(44)#1 C(44) C(42)#1 57.3(10)  
 C(17) C(16) C(21) 119.9(5) C(42) C(44) C(42)#1 58.4(13)  
 C(17) C(16) C(10) 120.2(5) C(41) C(40) C(42)#1 57.8(9)  
 C(21) C(16) C(10) 119.8(5) C(41) C(40) O(43)#1 111.6(12)  
 C(16) C(17) C(18) 120.5(5) C(42)#1 C(40) O(43)#1 55.4(8) 
____________________________________________________________________ 
 
 
 
 
 
 
 
 
 
Table 31 Torsion angles [o] for 345 
 
 
Atom  Atom  Atom  Atom  Angle 
 
C(5) O(1) C(2) C(3)  -17.8(5) 
C(5) O(1) C(2) C(14) -141.9(4) 
C(5) O(1) C(2) C(10) 105.8(4) 
O(1) C(2) C(3) O(3)  -167.9(6) 
C(14) C(2) C(3) O(3)  -45.5(8) 
C(10) C(2) C(3) O(3)  70.7(8) 
O(1) C(2) C(3) O(4)  11.9(6) 
C(14) C(2) C(3) O(4)  134.3(5) 
C(10) C(2) C(3) O(4)  -109.5(5) 
O(3) C(3) O(4) C(5)  178.1(5) 
C(2) C(3) O(4) C(5)  -1.7(6) 
C(2) O(1) C(5) O(4)  17.2(5) 
C(2) O(1) C(5) C(6)  137.0(5) 
C(3) O(4) C(5) O(1)  -9.2(5) 
C(3) O(4) C(5) C(6)  -130.4(4) 
O(1) C(5) C(6) C(7)  65.2(6) 
O(4) C(5) C(6) C(7)  -177.8(4) 
O(1) C(5) C(6) C(8)  -176.5(4) 
O(4) C(5) C(6) C(8)  -59.6(6) 
O(1) C(5) C(6) C(9)  -56.8(6) 
O(4) C(5) C(6) C(9)  60.1(5) 
O(1) C(2) C(10) O(15) 82.9(5) 
C(3) C(2) C(10) O(15) -160.0(5) 
C(14) C(2) C(10) O(15) -36.2(5) 
O(1) C(2) C(10) C(16) -39.2(6) 
C(3) C(2) C(10) C(16) 77.9(6) 
  
C(14) C(2) C(10) C(16) -158.3(5) 
O(1) C(2) C(10) C(11) -172.3(4) 
C(3) C(2) C(10) C(11) -55.2(6) 
C(14) C(2) C(10) C(11) 68.6(5) 
O(15) C(10) C(11) C(22) -147.5(6) 
C(16) C(10) C(11) C(22) -24.2(9) 
C(2) C(10) C(11) C(22) 109.3(7) 
O(15) C(10) C(11) C(12) 31.7(5) 
C(16) C(10) C(11) C(12) 155.0(4) 
C(2) C(10) C(11) C(12) -71.5(5) 
C(22) C(11) C(12) C(25) -0.1(9) 
C(10) C(11) C(12) C(25) -179.5(5) 
C(22) C(11) C(12) C(13) 179.6(5) 
C(10) C(11) C(12) C(13) 0.2(6) 
C(25) C(12) C(13) O(15) 148.2(6) 
C(11) C(12) C(13) O(15) -31.4(5) 
C(25) C(12) C(13) C(26) 27.0(9) 
C(11) C(12) C(13) C(26) -152.6(5) 
 
Table 31 Torsion angles [o] for 345 (Cont'd) 
 
 
Atom  Atom  Atom  Atom  Angle 
 
C(25) C(12) C(13) C(14) -107.1(7) 
C(11) C(12) C(13) C(14) 73.3(5) 
O(1) C(2) C(14) C(13) -117.4(5) 
C(3) C(2) C(14) C(13) 124.9(5) 
C(10) C(2) C(14) C(13) 1.1(5) 
O(15) C(13) C(14) C(2)  33.6(5) 
C(26) C(13) C(14) C(2)  155.4(5) 
C(12) C(13) C(14) C(2)  -71.5(5) 
C(16) C(10) O(15) C(13) -176.1(4) 
C(11) C(10) O(15) C(13) -50.4(5) 
C(2) C(10) O(15) C(13) 58.8(4) 
C(26) C(13) O(15) C(10) 174.9(4) 
C(12) C(13) O(15) C(10) 50.7(4) 
C(14) C(13) O(15) C(10) -59.0(4) 
O(15) C(10) C(16) C(17) 4.5(7) 
C(11) C(10) C(16) C(17) -112.5(6) 
C(2) C(10) C(16) C(17) 119.0(5) 
O(15) C(10) C(16) C(21) -179.0(4) 
C(11) C(10) C(16) C(21) 64.0(7) 
C(2) C(10) C(16) C(21) -64.5(7) 
C(21) C(16) C(17) C(18) -0.3(8) 
C(10) C(16) C(17) C(18) 176.2(5) 
C(16) C(17) C(18) C(19) 2.4(9) 
C(17) C(18) C(19) C(20) -2.7(9) 
C(18) C(19) C(20) C(21) 1.0(9) 
  
C(17) C(16) C(21) C(20) -1.4(8) 
C(10) C(16) C(21) C(20) -177.9(5) 
C(19) C(20) C(21) C(16) 1.1(9) 
C(12) C(11) C(22) C(23) 0.0(9) 
C(10) C(11) C(22) C(23) 179.2(6) 
C(11) C(22) C(23) C(24) 0.7(9) 
C(22) C(23) C(24) C(25) -1.3(9) 
C(11) C(12) C(25) C(24) -0.5(8) 
C(13) C(12) C(25) C(24) 180.0(5) 
C(23) C(24) C(25) C(12) 1.2(8) 
O(15) C(13) C(26) C(31) -23.9(8) 
C(12) C(13) C(26) C(31) 91.4(8) 
C(14) C(13) C(26) C(31) -139.7(7) 
O(15) C(13) C(26) C(27) 160.3(6) 
C(12) C(13) C(26) C(27) -84.4(7) 
C(14) C(13) C(26) C(27) 44.5(8) 
C(31) C(26) C(27) C(28) -2.3(12) 
C(13) C(26) C(27) C(28) 173.7(7) 
C(26) C(27) C(28) C(29) 1.3(13) 
 
Table 31 Torsion angles [o] for 345 (Cont'd) 
 
 
Atom  Atom  Atom  Atom  Angle 
 
C(27) C(28) C(29) C(30) 1.2(13) 
C(28) C(29) C(30) C(31) -2.4(14) 
C(27) C(26) C(31) C(30) 1.0(13) 
C(13) C(26) C(31) C(30) -174.9(8) 
C(29) C(30) C(31) C(26) 1.3(15) 
C(40) C(41) C(42)  C(44) -6.4(19) 
C(40)#1 C(41) C(42) C(44) 171.7(17) 
C(42)#1 C(41) C(42) C(44) -22.3(9) 
C(40) C(41) C(42) C(42)#1 15.9(15) 
C(40)#1 C(41) C(42) C(42)#1 -166.0(13) 
C(40) C(41) C(42) O(43) -162.3(10) 
C(40)#1 C(41) C(42) O(43) 15.8(9) 
C(42)#1 C(41) C(42) O(43) -178.2(15) 
C(40) C(41) C(42) C(44)#1 31.7(14) 
C(40)#1 C(41) C(42) C(44)#1 -150.2(12) 
C(42)#1 C(41) C(42) C(44)#1 15.8(7) 
C(40) C(41) C(42) C(40)#1 -178.1(3) 
C(42)#1 C(41) C(42) C(40)#1 166.0(13) 
C(44)- C(42) O(43) C(40)#1 -173.5(15) 
C(42)#1 C(42) O(43) C(40)#1 -37(18) 
C(41) C(42) O(43) C(40)#1 -14.2(8) 
C(44)#1 C(42) O(43) C(40)#1 148.2(15) 
C(42)#1 C(42) C(44) C(44)#1 53.7(17) 
C(41) C(42) C(44) C(44)#1 75(2) 
  
O(43) C(42) C(44) C(44)#1 -129.3(17) 
C(40)#1 C(42) C(44) C(44)#1 169(12) 
C(41) C(42) C(44) C(42)#1 20.9(9) 
O(43) C(42) C(44) C(42)#1 177.0(15) 
C(44)#1 C(42) C(44) C(42)#1 -53.7(17) 
C(40)#1 C(42) C(44) C(42)#1 116(12) 
C(40)#1 C(41) C(40) C(42)#1 173.3(6) 
C(42) C(41) C(40) C(42)#1 -14.3(13) 
C(40)#1 C(41) C(40) O(43)#1 159.1(10) 
C(42) C(41) C(40) -O(43)#1 -28.5(15) 
C(42)#1 C(41) C(40) O(43)#1 -14.2(8) 
 
 
 
 
 
 
 
 
 
 
Table 32 Atomic coordinates and U(eq) for 366 
____________________________________________________________________
_  
 Atom x y z U(eq) 
____________________________________________________________________
_ 
 O(1) 1758(3) 8671(1) 8748(1) 31(1) 
 C(2) 557(4) 7645(2) 8852(1) 25(1) 
C(3) -1276(4) 7978(2) 9333(1) 24(1) 
O(3) -2539(3) 7354(1) 9626(1) 29(1) 
O(4) -1288(3) 9128(1) 9382(1) 31(1) 
C(5) 257(4) 9595(2) 8906(1) 30(1) 
C(6) 1585(4) 10629(2) 9147(1) 32(1) 
C(7) 3050(6) 11079(2) 8596(1) 50(1) 
C(8) -164(5) 11535(2) 9354(2) 53(1) 
C(9) 3135(5) 10295(2) 9701(1) 34(1) 
C(10) 2152(4) 6670(2) 9008(1) 26(1) 
C(11) 2184(4) 6029(2) 8390(1) 24(1) 
N(12) 629(3) 6366(2) 8001(1) 27(1) 
O(13) -653(3) 7283(1) 8293(1) 29(1) 
C(14) 3760(4) 5087(2) 8235(1) 24(1) 
C(15) 5835(4) 4961(2) 8574(1) 30(1) 
C(16) 7356(4) 4091(2) 8429(1) 31(1) 
C(17) 6867(4) 3337(2) 7945(1) 32(1) 
C(18) 4815(5) 3433(2) 7612(1) 31(1) 
C(19) 3258(4) 4299(2) 7756(1) 28(1) 
___________________________________________________________________ 
 
 
  
 
Table 33 Bond lengths (Ǻ) for 366 
           ________________________________________________________ 
  Atom Atom  Distance   Atom Atom  Distance 
           ________________________________________________________ 
 
 O(1) C(2)  1.383(3)  C(6)  C(7)  1.515(4)  
 O(1) C(5)  1.405(3)  C(10) C(11)  1.487(3)  
 C(2)  O(13)  1.420(3)  C(11) N(12)  1.264(3)  
 C(2)  C(10)  1.480(3)  C(11) C(14)  1.446(3)  
 C(2)  C(3)  1.502(3)  N(12)  O(13)  1.421(2)  
 C(3)  O(3)  1.187(2)  C(14) C(19)  1.381(3)  
 C(3)  O(4)  1.327(3)  C(14) C(15)  1.389(3)  
 O(4) C(5)  1.435(3)  C(15) C(16)  1.360(3)  
 C(5)  C(6)  1.497(3)  C(16)  C(17)  1.361(3)  
 C(6)  C(8)  1.508(4)  C(17) C(18)  1.368(4)  
 C(6)  C(9)  1.508(3)  C(18) C(19)  1.368(3) 
            ________________________________________________________ 
 
 
 
 
 
Table 34 Bond angles (o) for 366 
   ___________________________________________________________________ 
  Atom Atom Atom Angle   Atom Atom Atom Angle 
   ___________________________________________________________________ 
 
 C(2) O(1) C(5) 107.75(16)  C(5) C(6) C(7) 107.2(2)  
 O(1) C(2) O(13) 111.24(16)  C(8) C(6) C(7) 110.4(2)  
 O(1) C(2) C(10) 112.03(18)  C(9) C(6) C(7) 110.3(2)  
 O(13) C(2) C(10) 104.98(16)  C(2) C(10) C(11) 101.08(17)  
 O(1) C(2) C(3) 103.57(16)  N(12) C(11) C(14) 121.59(19)  
 O(13) C(2) C(3) 106.59(17)  N(12) C(11) C(10) 113.4(2)  
 C(10) C(2) C(3) 118.39(17)  C(14) C(11) C(10) 125.00(19)  
 O(3) C(3) O(4) 124.0(2)  C(11) N(12) O(13) 108.29(16)  
 O(3) C(3) C(2) 128.0(2)  C(2) O(13) N(12) 108.62(15)  
 O(4) C(3) C(2) 108.02(19)  C(19) C(14) C(15) 118.6(2)  
 C(3) O(4) C(5) 108.44(17)  C(19) C(14) C(11) 121.6(2)  
 O(1) C(5) O(4) 104.86(17)  C(15) C(14) C(11) 119.7(2)  
 O(1) C(5) C(6) 111.69(19)  C(16) C(15) C(14) 120.6(2)  
 O(4) C(5) C(6) 112.09(18)  C(15) C(16) C(17) 120.2(2)  
 C(5) C(6) C(8) 108.0(2)  C(16) C(17) C(18) 120.1(2)  
 C(5) C(6) C(9) 110.74(19)  C(17) C(18) C(19) 120.3(2)  
 C(8) C(6) C(9) 110.2(2)  C(18) C(19) C(14) 120.1(2)  
   ___________________________________________________________________ 
 
 
Table 35 Torsion angles [o] for 366 
 
  
Atom  Atom  Atom  Atom  Angle 
____________________________________________________________________
_ 
C(5) O(1) C(2) O(13) 90.5(2) 
C(5) O(1) C(2) C(10) -152.37(17) 
C(5) O(1) C(2) C(3) -23.7(2) 
O(1) C(2) C(3) O(3) -169.9(2) 
O(13) C(2) C(3) O(3) 72.6(3) 
C(10) C(2) C(3) O(3) -45.2(3) 
O(1) C(2) C(3) O(4) 10.5(2) 
O(13) C(2) C(3) O(4) -106.91(19) 
C(10) C(2) C(3) O(4) 135.2(2) 
O(3) C(3) O(4) C(5) -173.1(2) 
C(2) C(3) O(4) C(5) 6.5(2) 
C(2) O(1) C(5) O(4) 28.0(2) 
C(2) O(1) C(5) C(6) 149.64(18) 
C(3) O(4) C(5) O(1) -21.0(2) 
C(3) O(4) C(5) C(6) -142.34(19) 
O(1) C(5) C(6) C(8) -175.5(2) 
O(4) C(5) C(6) C(8) -58.2(3) 
O(1) C(5) C(6) C(9) -54.8(3) 
O(4) C(5) C(6) C(9) 62.5(3) 
O(1) C(5) C(6) C(7) 65.5(2) 
 
Table 35 Torsion angles [o] for 366 (Cont'd) 
 
Atom  Atom  Atom  Atom  Angle 
____________________________________________________________________
_ 
O(4) C(5) C(6) C(7) -177.1(2) 
O(1) C(2) C(10) C(11) -103.20(19) 
O(13) C(2) C(10) C(11) 17.7(2) 
C(3) C(2) C(10) C(11) 136.4(2) 
C(2) C(10) C(11) N(12) -11.8(2) 
C(2) C(10) C(11) C(14) 169.9(2) 
C(14) C(11) N(12) O(13) 178.98(18) 
C(10) C(11) N(12) O(13) 0.6(2) 
O(1) C(2) O(13) N(12) 102.63(18) 
C(10) C(2) O(13) N(12) -18.7(2) 
C(3) C(2) O(13) N(12) -145.14(16) 
C(11) N(12) O(13) C(2) 11.8(2) 
N(12) C(11) C(14) C(19) -19.1(3) 
C(10) C(11) C(14) C(19) 159.1(2) 
N(12) C(11) C(14) C(15) 161.1(2) 
C(10) C(11) C(14) C(15) -20.7(3) 
C(19) C(14) C(15) C(16) 1.2(3) 
C(11) C(14) C(15) C(16) -179.0(2) 
C(14) C(15) C(16) C(17) 0.4(3) 
C(15) C(16) C(17) C(18) -1.6(4) 
  
C(16) C(17) C(18) C(19) 1.1(4) 
C(17) C(18) C(19) C(14) 0.6(3) 
C(15) C(14) C(19) C(18) -1.7(3) 
C(11) C(14) C(19) C(18) 178.5(2) 
____________________________________________________________________
_ 
 
 
Table 36 Atomic coordinates and U(eq) for 377 
__________________________________________________________________  
 
 Atom x y z U(eq) 
__________________________________________________________________  
 O(1) 6903(4) 8758(1) 4508(2) 24(1) 
 C(2) 8338(6) 9398(2) 4545(3) 21(1) 
 C(3) 9471(7) 9394(2) 3786(3) 23(1) 
 O(3) 11235(4) 9684(1) 3598(2) 31(1) 
 O(4)  8173(4) 8969(1) 3322(2) 24(1) 
 C(5)  6177(7) 8728(2) 3759(3) 24(1) 
 C(6)  5412(6) 7939(2) 3533(3) 24(1) 
 C(7)  3496(6) 7714(2) 4065(3) 34(2) 
 C(8)  7365(6) 7367(2) 3587(3) 32(1) 
 C(9)  4524(7) 7983(2) 2742(3) 39(2) 
 C(10)  9816(6) 9389(2) 5239(3) 26(1) 
 C(11)  8680(6) 9969(2) 5771(3) 22(1) 
 N(12)  6498(5) 10123(1) 5377(2) 25(1) 
__________________________________________________________________  
Table 36 Atomic coordinates and U(eq) for 377 (Cont'd) 
__________________________________________________________________  
 
 Atom x y z U(eq) 
__________________________________________________________________  
 O(13)  7100(4) 10081(1) 4584(2) 25(1) 
 C(14)  8283(6) 9656(2) 6538(3) 21(1) 
 C(15)  9961(7) 9737(2) 7077(3) 28(1) 
 C(16)  9690(7) 9425(2) 7780(3) 30(1) 
 C(17)  7704(7) 9040(2) 7960(3) 28(1) 
 C(18)  6003(7) 8969(2) 7419(3) 30(1) 
 C(19)  6314(6) 9258(2) 6716(3) 27(1) 
 C(20)  5379(6) 10830(2) 5500(3) 26(1) 
 C(21)  3774(6) 11068(2) 4968(3) 27(1) 
 C(22)  2495(7) 11719(2) 5107(3) 38(2) 
 C(23)  2823(7) 12119(2) 5762(3) 37(2) 
 C(24)  4402(7) 11880(2) 6288(3) 33(1) 
 C(25)  5708(7) 11227(2) 6149(3) 30(1) 
 
Table 37 Bond lengths (Ǻ) for 377 
  
 
 Atom Atom Distance   Atom Atom Distance 
  
  
 O(1) C(2)  1.414(4)  N(12)  C(20)  1.431(4)  
 O(1) C(5)  1.416(6)  N(12)  O(13)  1.474(5)  
 C(2)  O(13)  1.414(4)  C(14) C(15)  1.391(6)  
 C(2)  C(3)  1.520(7)  C(14) C(19)  1.391(5)  
 C(2)  C(10)  1.523(6)  C(15) C(16)  1.390(7)  
 C(3)  O(3)  1.204(4)  C(16) C(17)  1.389(5)  
 C(3)  O(4)  1.359(5)  C(17)  C(18)  1.401(6)  
 O(4) C(5)  1.475(5)  C(18)  C(19)  1.378(7)  
 C(5)  C(6)  1.523(5)  C(20) C(25)  1.379(6)  
 C(6)  C(9)  1.518(7)  C(20) C(21)  1.408(6)  
 C(6)  C(7)  1.530(6)  C(21) C(22)  1.400(5)  
 C(6)  C(8)  1.534(5)  C(22)  C(23)  1.390(7)  
 C(10) C(11)  1.555(6)  C(23)  C(24)  1.391(7)  
 C(11) N(12)  1.489(5)  C(24)  C(25)  1.411(5)  
 C(11) C(14)  1.507(6) 
  
 
 
 
 
 
 
 
 
 
 
Table 38 Bond angles (o) for 377 
  
 
  Atom  Atom Atom  Angle    Atom Atom Atom Angle 
  
 C(2) O(1) C(5) 104.8(3)  N(12) C(11) C(10) 101.4(4)  
 O(13) C(2) O(1) 112.5(3)  C(14) C(11) C(10) 112.8(3)  
 O(13) C(2) C(3) 105.9(3)  C(20) N(12) O(13) 107.7(3)  
 O(1) C(2) C(3) 102.4(3)  C(20) N(12) C(11) 118.8(3)  
 O(13) C(2) C(10) 105.1(3)  O(13) N(12) C(11) 104.3(3)  
 O(1) C(2) C(10) 111.7(3)  C(2) O(13) N(12) 102.4(3)  
 C(3) C(2) C(10) 119.3(3)  C(15) C(14) C(19) 118.6(5)  
 O(3) C(3) O(4) 123.1(5)  C(15) C(14) C(11) 119.5(4)  
 O(3) C(3) C(2) 128.8(4)  C(19) C(14) C(11) 121.8(4)  
 O(4) C(3) C(2) 108.1(3)  C(16) C(15) C(14) 120.9(4)  
 C(3) O(4) C(5) 106.1(4)  C(17) C(16) C(15) 120.3(4)  
 O(1) C(5) O(4) 105.0(3)  C(16) C(17) C(18) 118.6(5)  
 O(1) C(5) C(6) 112.2(4)  C(19) C(18) C(17) 120.8(4)  
 O(4) C(5) C(6) 111.0(3)  C(18) C(19) C(14) 120.7(4)  
 C(9) C(6) C(5) 107.8(4)  C(25) C(20) C(21) 121.1(4)  
 C(9) C(6) C(7) 110.4(4)  C(25) C(20) N(12) 120.9(4)  
 C(5) C(6) C(7) 106.8(4)  C(21) C(20) N(12) 117.7(4)  
 C(9) C(6) C(8) 110.4(4)  C(22) C(21) C(20) 118.9(5)  
  
 C(5) C(6) C(8) 111.7(3)  C(23) C(22) C(21) 120.0(5)  
 C(7) C(6) C(8) 109.7(3)  C(22) C(23) C(24) 120.9(4)  
 C(2) C(10) C(11) 104.8(3)  C(23) C(24) C(25) 119.4(5)  
 N(12) C(11) C(14) 111.8(3)  C(20) C(25) C(24) 119.6(5)  
  
 
 
Table 39 Torsion angles (o) for 377 
____________________________________________________________________
_ 
Atom  Atom  Atom  Atom  Angle 
____________________________________________________________________
_ 
 C(5) O(1) C(2) O(13) 78.9(4) 
C(5) O(1) C(2) C(3) -34.3(3) 
C(5) O(1) C(2) C(10) -163.1(3) 
O(13) C(2) C(3) O(3) 83.7(5) 
O(1) C(2) C(3) O(3) -158.2(3) 
C(10) C(2) C(3) O(3) -34.4(5) 
O(13) C(2) C(3) O(4) -98.4(3) 
O(1) C(2) C(3) O(4) 19.7(4) 
C(10) C(2) C(3) O(4) 143.6(3) 
O(3) C(3) O(4) C(5) -179.5(3) 
C(2) C(3) O(4) C(5) 2.4(3) 
C(2) O(1) C(5) O(4) 37.0(3) 
C(2) O(1) C(5) C(6) 157.6(3) 
C(3) O(4) C(5) O(1) -24.0(3) 
C(3) O(4) C(5) C(6) -145.5(3) 
____________________________________________________________________
_ 
Table 39 Torsion angles (o) for 377 (Cont'd) 
____________________________________________________________________
_ 
Atom  Atom  Atom  Atom  Angle 
____________________________________________________________________
_ 
O(1) C(5) C(6) C(9) 176.2(3) 
O(4) C(5) C(6) C(9) -66.7(4) 
O(1) C(5) C(6) C(7) 57.6(4) 
O(4) C(5) C(6) C(7) 174.7(3) 
O(1) C(5) C(6) C(8) -62.3(5) 
O(4) C(5) C(6) C(8) 54.8(5) 
O(13) C(2) C(10) C(11) 18.8(4) 
O(1) C(2) C(10) C(11) -103.5(3) 
C(3) C(2) C(10) C(11) 137.3(3) 
C(2) C(10) C(11) N(12) 10.1(4) 
C(2) C(10) C(11) C(14) 129.8(3) 
C(14) C(11) N(12) C(20) 85.1(4) 
C(10) C(11) N(12) C(20) -154.5(4) 
C(14) C(11) N(12) O(13) -155.0(3) 
  
C(10) C(11) N(12) O(13) -34.7(3) 
O(1) C(2) O(13) N(12) 81.1(4) 
C(3) C(2) O(13) N(12) -167.8(3) 
C(10) C(2) O(13) N(12) -40.6(3) 
C(20) N(12) O(13) C(2) 175.5(3) 
C(11) N(12) O(13) C(2) 48.4(3) 
N(12) C(11) C(14) C(15) -156.2(3) 
C(10) C(11) C(14) C(15) 90.3(4) 
N(12) C(11) C(14) C(19) 26.5(4) 
C(10) C(11) C(14) C(19) -87.0(4) 
C(19) C(14) C(15) C(16) 0.3(5) 
C(11) C(14) C(15) C(16) -177.0(3) 
C(14) C(15) C(16) C(17) -1.6(5) 
C(15) C(16) C(17) C(18) 0.6(5) 
C(16) C(17) C(18) C(19) 1.6(5) 
C(17) C(18) C(19) C(14) -2.9(5) 
C(15) C(14) C(19) C(18) 1.9(5) 
C(11) C(14) C(19) C(18) 179.2(3) 
O(13) N(12) C(20) C(25) -143.7(4) 
C(11) N(12) C(20) C(25) -25.6(6) 
O(13) N(12) C(20) C(21) 42.2(4) 
C(11) N(12) C(20) C(21) 160.2(4) 
C(25) C(20) C(21) C(22) -0.2(6) 
N(12) C(20) C(21) C(22) 173.9(3) 
C(20) C(21) C(22) C(23) 0.1(6) 
C(21) C(22) C(23) C(24) -0.4(6) 
C(22) C(23) C(24) C(25) 0.8(6) 
C(21) C(20) C(25) C(24) 0.6(6) 
N(12) C(20) C(25) C(24) -173.4(3) 
C(23) C(24) C(25) C(20) -0.9(6) 
________________________________________________________________ 
 
Table 40 Atomic coordinates and U(eq) for 380 
 
___________________________________________________________________ 
 Atom x y z U(eq) 
___________________________________________________________________  
O(1) 2480(2) 6483(2) 7909(1) 22(1) 
C(2) 2573(3) 6543(3) 7125(1) 22(1) 
C(3) 928(3) 6549(3) 6897(1) 25(1) 
O(3) 397(2) 6249(2) 6303(1) 35(1) 
O(4) 132(2) 6965(2) 7492(1) 24(1) 
C(5) 1133(3) 7154(3) 8126(1) 20(1) 
C(6) 469(3) 6474(3) 8820(1) 19(1) 
C(7) 111(3) 4909(3) 8675(2) 25(1) 
C(8) 1598(3) 6623(3) 9457(1) 26(1) 
C(9) -948(3) 7293(3) 9025(2) 27(1) 
C(10) 3575(3) 5433(3) 6805(2) 26(1) 
C(11) 5074(3) 6220(3) 6727(2) 23(1) 
N(12) 4657(2) 7715(2) 6565(1) 20(1) 
  
O(13) 3149(2) 7884(2) 6881(1) 29(1) 
C(14) 5976(3) 5499(3) 6111(1) 29(1) 
O(14) 6274(3) 4260(2) 6156(1) 49(1) 
O(15) 6436(2) 6225(2) 5512(1) 32(1) 
C(16) 6065(3) 7720(3) 5462(2) 28(1) 
C(17) 4544(3) 8029(3) 5767(1) 20(1) 
C(18) 4156(3) 9581(3) 5643(2) 26(1) 
C(19) 5991(3) 6201(3) 7445(2) 28(1) 
___________________________________________________________________ 
 
 
Table 41 Bond lengths (Ǻ) for 380 
________________________________________________________ 
 
  Atom Atom Distance   Atom Atom Distance 
________________________________________________________ 
 
 O(1) C(2)  1.405(3)  C(10) C(11)  1.542(4)  
 O(1) C(5)  1.418(3)  C(11)  N(12)  1.488(4)  
 C(2)  O(13)  1.434(3)  C(11)  C(19)  1.524(4)  
 C(2)  C(10)  1.494(4)  C(11)  C(14)  1.527(4)  
 C(2)  C(3)  1.531(4)  N(12)  C(17)  1.460(3)  
 C(3)  O(3)  1.198(3)  N(12)  O(13)  1.475(3)  
 C(3)  O(4)  1.340(3)  C(14) O(14)  1.201(3)  
 O(4)  C(5)  1.457(3)  C(14) O(15)  1.337(3)  
 C(5)  C(6)  1.519(3)  O(15)  C(16)  1.452(3)  
 C(6)  C(8)  1.531(3)  C(16)  C(17)  1.498(4)  
 C(6)  C(9)  1.532(4)  C(17)  C(18)  1.521(4)  
 C(6)  C(7)  1.533(4) 
________________________________________________________ 
 
 
Table 42 Bond angles (o) for 380 
 
 
 Atom Atom Atom Angle  Atom Atom Atom Angle 
 
 
 C(2) O(1) C(5) 107.8(2)  C(2) C(10) C(11) 102.8(2) 
 O(1) C(2) O(13) 111.1(2)  N(12) C(11) C(19) 108.1(2) 
 O(1) C(2) C(10) 113.0(2)  N(12) C(11) C(14) 114.5(2) 
 O(13) C(2) C(10) 106.5(2)  C(19) C(11) C(14) 108.4(2) 
 O(1) C(2) C(3) 102.0(2)  N(12) C(11) C(10) 104.7(2) 
 O(13) C(2) C(3) 105.2(2)  C(19) C(11) C(10) 112.9(2) 
 C(10) C(2) C(3) 118.7(2)  C(14) C(11) C(10) 108.2(2) 
 O(3) C(3) O(4) 124.2(3)  C(17) N(12) O(13) 106.85(19) 
 O(3) C(3) C(2) 128.2(3)  C(17) N(12) C(11) 113.6(2) 
 O(4) C(3) C(2) 107.6(2)  O(13) N(12) C(11) 104.95(19) 
 C(3) O(4) C(5) 109.0(2)  C(2) O(13) N(12) 110.60(19) 
  
 O(1) C(5) O(4) 104.94(17)  O(14) C(14) O(15) 118.9(3) 
 O(1) C(5) C(6) 111.7(2)  O(14) C(14) C(11) 120.2(3) 
 O(4) C(5) C(6) 110.0(2)  O(15) C(14) C(11) 120.9(2) 
 C(5) C(6) C(8) 108.1(2)  C(14) O(15) C(16) 118.4(2) 
 C(5) C(6) C(9) 107.9(2)  O(15) C(16) C(17) 112.0(2) 
 C(8) C(6) C(9) 108.98(19)  N(12) C(17) C(16) 104.7(2) 
 C(5) C(6) C(7) 110.5(2)  N(12) C(17) C(18) 110.7(2) 
 C(8) C(6) C(7) 110.7(2)  C(16) C(17) C(18) 110.0(2) 
 C(9) C(6) C(7) 110.6(2) 
 
 
 
Table 43 Torsion angles [o] for 380 
____________________________________________________________________
_ 
 Atom  Atom  Atom  Atom Angle 
____________________________________________________________________
_ 
 C(5) O(1) C(2) O(13) 82.6(3) 
 C(5) O(1) C(2) C(10) -157.7(2) 
 C(5) O(1) C(2) C(3) -29.1(3) 
 O(1) C(2) C(3) O(3) -160.0(3) 
 O(13) C(2) C(3) O(3) 83.9(3) 
 C(10) C(2) C(3) O(3) -35.1(4) 
 O(1) C(2) C(3) O(4) 20.1(3) 
 O(13) C(2) C(3) O(4) -96.0(2) 
 C(10) C(2) C(3) O(4) 145.0(2) 
 O(3) C(3) O(4) C(5) 176.5(2) 
 C(2) C(3) O(4) C(5) -3.6(3) 
 C(2) O(1) C(5) O(4) 27.9(2) 
 C(2) O(1) C(5) C(6) 147.1(2) 
C(3) O(4) C(5) O(1) -14.3(3) 
C(3) O(4) C(5) C(6) -134.5(2) 
O(1) C(5) C(6) C(8) 60.6(3) 
____________________________________________________________________
_ 
Table 43 Torsion angles [o] for 380 (Cont'd) 
____________________________________________________________________
_ 
 Atom  Atom  Atom  Atom Angle 
____________________________________________________________________
_ 
O(4) C(5) C(6) C(8) 176.7(2) 
O(1) C(5) C(6) C(9) 178.32(19) 
O(4) C(5) C(6) C(9) -65.6(2) 
O(1) C(5) C(6) C(7) -60.6(3) 
O(4) C(5) C(6) C(7) 55.5(3) 
O(1) C(2) C(10) C(11) -94.8(2) 
O(13) C(2) C(10) C(11) 27.6(3) 
C(3) C(2) C(10) C(11) 145.9(2) 
  
C(2) C(10) C(11) N(12) -32.3(2) 
C(2) C(10) C(11) C(19) 85.1(2) 
C(2) C(10) C(11) C(14) -154.8(2) 
C(19) C(11) N(12) C(17) 147.8(2) 
C(14) C(11) N(12) C(17) 26.8(3) 
C(10) C(11) N(12) C(17) -91.5(2) 
C(19) C(11) N(12) O(13) -95.8(2) 
C(14) C(11) N(12) O(13) 143.2(2) 
C(10) C(11) N(12) O(13) 24.9(2) 
O(1) C(2) O(13) N(12) 110.6(2) 
C(10) C(2) O(13) N(12) -12.9(3) 
C(3) C(2) O(13) N(12) -139.79(19) 
C(17) N(12) O(13) C(2) 112.9(2) 
C(11) N(12) O(13) C(2) -8.0(2) 
N(12) C(11) C(14) O(14) -174.2(3) 
C(19) C(11) C(14) O(14) 65.0(4) 
C(10) C(11) C(14) O(14) -57.8(3) 
N(12) C(11) C(14) O(15) 5.2(4) 
C(19) C(11) C(14) O(15) -115.6(3) 
C(10) C(11) C(14) O(15) 121.6(3) 
O(14) C(14) O(15) C(16) 179.7(3) 
C(11) C(14) O(15) C(16) 0.3(4) 
C(14) O(15) C(16) C(17) -36.8(3) 
O(13) N(12) C(17) C(16) -175.2(2) 
C(11) N(12) C(17) C(16) -59.9(3) 
O(13) N(12) C(17) C(18) 66.3(3) 
C(11) N(12) C(17) C(18) -178.5(2) 
O(15) C(16) C(17) N(12) 65.7(3) 
O(15) C(16) C(17) C(18) -175.3(2) 
________________________________________________________________ 
 
 
 
 
 
 
 
 
Table 44 Atomic coordinates and U(eq) for 426 
__________________________________________________________________ 
 Atom x y z U(eq) 
__________________________________________________________________ 
 O(1) 877(5) 8076(4) 5178(3) 33(1) 
 C(2) 1519(7) 6908(6) 5395(4) 32(2) 
 C(3) 1385(7) 6207(7) 4649(4) 33(2)  
 O(3) 1850(5) 5222(5) 4520(3) 37(1) 
 O(4) 616(5) 6882(4) 4097(3) 36(1) 
 C(5) 42(7) 7936(6) 4439(4) 35(2) 
 C(6) -1255(7) 7575(7) 4506(4) 41(2) 
 C(7) 134(8) 9100(7) 3980(4) 45(2) 
  
 C(8) 2955(7) 7154(6) 5793(3) 28(2) 
 C(9) 2893(7) 8069(6) 6444(4) 31(2) 
 C(10) 2505(7) 7356(6) 6994(4) 30(2) 
 C(11) 2268(7) 6030(6) 6659(4) 31(2) 
 C(12) 1047(7) 6133(6) 6005(3) 30(2) 
 O(13) 3232(5) 5967(4) 6201(2) 34(1) 
 C(14) 3843(7) 7419(6) 5272(4) 31(2) 
 C(15) 3624(7) 8489(6) 4790(4) 35(2) 
 C(16) 4363(8) 8697(7) 4259(4) 43(2) 
 C(17) 5336(8) 7860(7) 4213(5) 45(2) 
 C(18) 5543(7) 6814(7) 4681(5) 41(2) 
 C(19) 4810(7) 6592(7) 5219(4) 37(2) 
 C(20) 3174(7) 9357(7) 6552(4) 36(2) 
 C(21) 2997(7) 9902(7) 7227(4) 39(2) 
 C(22) 2584(8) 9184(7) 7781(4) 40(2) 
 C(23) 2320(7) 7898(7) 7657(4) 37(2) 
 C(24) 2329(7) 4934(6) 7188(4) 33(2) 
 C(25) 1266(8) 4523(7) 7427(4) 38(2) 
 C(26) 1316(8) 3530(7) 7942(4) 44(2) 
 C(27) 2459(9) 2915(7) 8216(4) 47(2) 
 C(28) 3522(8) 3273(7) 7961(4) 42(2) 
 C(29) 3460(8) 4278(7) 7442(4) 40(2) 
____________________________________________________________________ 
 
Table 45 Bond lengths (Ǻ) for 426 
______________________________________________________________________ 
Atom Atom  Distance   Atom Atom  Distance 
______________________________________________________________________ 
O(1) C(2)  1.428(8)  C(11)  C(24)  1.487(9)  
O(1) C(5)  1.447(8)  C(11)  C(12)  1.577(9)  
C(2)  C(3)  1.508(10)  C(14) C(19)  1.384(11)  
C(2)  C(12)  1.538(9)  C(14) C(15)  1.411(9)  
C(2)  C(8)  1.592(10)  C(15) C(16)  1.387(10)  
C(3) O(3)  1.198(8)  C(16) C(17)  1.392(12)  
C(3) O(4)  1.354(8)  C(17) C(18)  1.376(10)  
O(4) C(5)  1.469(8)  C(18) C(19)  1.393(11)  
C(5)  C(6)  1.487(11)  C(20) C(21)  1.390(10)  
______________________________________________________________________ 
Table 45 Bond lengths (Ǻ) for 426 (Cont'd) 
______________________________________________________________________ 
Atom Atom  Distance   Atom Atom  Distance 
______________________________________________________________________ 
C(5)  C(7)  1.492(9)  C(21) C(22)  1.396(11) 
C(8) O(13)  1.449(7)  C(22) C(23)  1.395(11)  
C(8) C(14)  1.503(9)  C(24) C(25)  1.382(11)  
C(8) C(9)  1.527(9)  C(24) C(29)  1.399(11)  
C(9)  C(10)  1.375(10)  C(25) C(26)  1.389(10)  
C(9)  C(20)  1.396(11)  C(26) C(27)  1.394(12)  
C(10) C(23)  1.372(9)  C(27) C(28)  1.380(13)  
C(10) C(11)  1.522(9)  C(28)  C(29)  1.403(10)  
  
C(11)  O(13)  1.461(8) 
______________________________________________________________________ 
 
 
Table 46 Bond angles (o) for 426 
 
  Atom Atom Atom Angle   Atom Atom Atom  Angle 
 
 C(2) O(1) C(5) 109.6(5)  O(13) C(11) C(24) 112.5(5)  
 O(1) C(2) C(3) 103.4(5)  O(13) C(11) C(10) 100.5(5)  
 O(1) C(2) C(12) 115.8(6)  C(24) C(11) C(10) 118.8(5)  
 C(3) C(2) C(12) 112.8(5)  O(13) C(11) C(12) 100.0(5)  
 O(1) C(2) C(8) 110.8(5)  C(24) C(11) C(12) 116.4(5)  
 C(3) C(2) C(8) 112.3(6)  C(10) C(11) C(12) 106.0(5)  
 C(12) C(2) C(8) 102.0(5)  C(2) C(12) C(11) 102.2(5)  
 O(3) C(3) O(4) 122.3(7)  C(8) O(13) C(11) 98.5(5)  
 O(3) C(3) C(2) 129.1(6)  C(19) C(14) C(15) 119.5(7)  
 O(4) C(3) C(2) 108.6(6)  C(19) C(14) C(8) 121.4(6)  
 C(3) O(4) C(5) 110.1(5)  C(15) C(14) C(8) 118.9(6)  
 O(1) C(5) O(4) 102.8(5)  C(16) C(15) C(14) 120.1(6)  
 O(1) C(5) C(6) 111.8(6)  C(15) C(16) C(17) 119.8(7)  
 O(4) C(5) C(6) 109.4(6)  C(18) C(17) C(16) 120.0(8)  
 O(1) C(5) C(7) 108.6(6)  C(17) C(18) C(19) 120.9(7)  
 O(4) C(5) C(7) 108.0(6)  C(14) C(19) C(18) 119.6(7)  
 C(6) C(5) C(7) 115.4(6)  C(21) C(20) C(9) 117.2(7)  
 O(13) C(8) C(14) 112.5(5)  C(20) C(21) C(22) 121.3(7)  
 O(13) C(8) C(9) 101.4(5)  C(23) C(22) C(21) 120.1(7)  
 C(14) C(8) C(9) 119.7(6)  C(10) C(23) C(22) 118.7(7)  
 O(13) C(8) C(2) 99.5(5)  C(25) C(24) C(29) 118.4(7)  
 C(14) C(8) C(2) 116.5(5)  C(25) C(24) C(11) 121.0(6)  
 C(9) C(8) C(2) 104.5(5)  C(29) C(24) C(11) 120.6(7)  
 C(10) C(9) C(20) 121.6(6)  C(24) C(25) C(26) 121.7(7)  
 C(10) C(9) C(8) 105.8(6)  C(25) C(26) C(27) 119.4(8)  
 C(20) C(9) C(8) 132.6(7)  C(28) C(27) C(26) 120.0(7)  
 C(23) C(10) C(9) 121.1(7)  C(27) C(28) C(29) 120.0(7)  
 C(23) C(10) C(11) 132.9(7)  C(24) C(29) C(28) 120.4(8)  
 C(9) C(10) C(11) 105.7(6) 
 
Table 47 Torsion angles (o) for 426 
____________________________________________________________________
_ 
 Atom  Atom  Atom  Atom Angle  Angle 
____________________________________________________________________
_ 
C(5) O(1) C(2) C(3)  19.2(7) 
 C(5) O(1) C(2) C(12) -104.6(7) 
 C(5) O(1) C(2) C(8)  139.8(5) 
O(1) C(2) C(3) O(3)  173.5(7) 
C(12) C(2) C(3) O(3)  -60.7(10) 
  
C(8) C(2) C(3) O(3)  53.9(10) 
O(1) C(2) C(3) O(4)  -6.4(7) 
C(12) C(2) C(3) O(4)  119.4(6) 
C(8) C(2) C(3) O(4)  -126.0(6) 
O(3) C(3) O(4) C(5)  171.6(7) 
C(2) C(3) O(4) C(5)  -8.6(8) 
C(2) O(1) C(5) O(4)  -24.1(7) 
C(2) O(1) C(5) C(6)  93.2(7) 
C(2) O(1) C(5) C(7)  -138.3(6) 
C(3) O(4) C(5) O(1)  19.8(7) 
C(3) O(4) C(5) C(6)  -99.1(7) 
C(3) O(4) C(5) C(7)  134.5(6) 
O(1) C(2) C(8) O(13) 159.1(5) 
C(3) C(2) C(8) O(13) -85.8(6) 
C(12) C(2) C(8) O(13) 35.3(6) 
O(1) C(2) C(8) C(14) -79.8(7) 
C(3) C(2) C(8) C(14) 35.3(7) 
C(12) C(2) C(8) C(14) 156.3(6) 
O(1) C(2) C(8) C(9)  54.6(7) 
C(3) C(2) C(8) C(9)  169.8(5) 
C(12) C(2) C(8) C(9)  -69.2(6) 
O(13) C(8) C(9) C(10) -28.8(7) 
C(14) C(8) C(9) C(10) -153.2(6) 
C(2) C(8) C(9) C(10) 74.2(6) 
O(13) C(8) C(9) C(20) 149.3(7) 
C(14) C(8) C(9) C(20) 25.0(11) 
C(2) C(8) C(9) C(20) -107.7(8) 
C(20) C(9 C(10) C(23) 3.2(11) 
C(8) C(9) C(10) C(23) -178.4(7) 
C(20) C(9) C(10) C(11) 178.8(6) 
C(8) C(9) C(10) C(11) -2.8(7) 
C(23) C(10) C(11) O(13) -152.0(8) 
C(9) C(10) C(11) O(13) 33.2(7) 
C(23) C(10) C(11) C(24) -28.9(12) 
C(9) C(10) C(11) C(24) 156.3(6) 
C(23) C(10) C(11) C(12) 104.3(9) 
C(9) C(10) C(11) C(12) -70.5(7) 
O(1) C(2) C(12) C(11) -121.1(6) 
C(3) C(2) C(12) C(11) 120.1(6) 
C(8) C(2) C(12) C(11) -0.6(6) 
____________________________________________________________________
_ 
Table 47 Torsion angles (o) for 426 (Cont'd) 
____________________________________________________________________
_ 
 Atom  Atom  Atom  Atom Angle  Angle 
____________________________________________________________________
_ 
 
O(13) C(11) C(12) C(2)  -33.9(6) 
  
C(24) C(11) C(12) C(2)  -155.4(6) 
C(10) C(11) C(12) C(2)  70.1(6) 
C(14) C(8) O(13) C(11) 177.8(5) 
C(9) C(8) O(13) C(11) 48.7(6) 
C(2) C(8) O(13) C(11) -58.3(5) 
C(24) C(11) O(13) C(8)  -177.6(5) 
C(10) C(11) O(13) C(8)  -50.3(5) 
C(12) C(11) O(13) C(8)  58.2(5) 
O(13) C(8) C(14) C(19) -0.7(9) 
C(9) C(8) C(14) C(19) 118.2(7) 
C(2) C(8) C(14) C(19) -114.6(7) 
O(13) C(8) C(14) C(15) 174.8(5) 
C(9) C(8) C(14) C(15) -66.4(8) 
C(2) C(8) C(14) C(15) 60.9(8) 
C(19) C(14) C(15) C(16) 1.0(10) 
C(8) C(14) C(15) C(16) -174.5(7) 
C(14) C(15) C(16) C(17) -1.3(11) 
C(15) C(16) C(17) C(18) 1.6(12) 
C(16) C(17) C(18) C(19) -1.7(11) 
C(15) C(14) C(19) C(18) -1.0(10) 
C(8) C(14) C(19) C(18) 174.4(6) 
C(17) C(18) C(19) C(14) 1.4(11) 
C(10) C(9) C(20) C(21) -2.5(10) 
C(8) C(9) C(20) C(21) 179.6(7) 
C(9) C(20) C(21) C(22) 1.5(11) 
C(20) C(21) C(22) C(23) -1.1(12) 
C(9) C(10) C(23) C(22) -2.7(11) 
C(11) C(10) C(23) C(22) -176.8(7) 
C(21) C(22) C(23) C(10) 1.7(11) 
O(13) C(11) C(24) C(25) -153.1(6) 
C(10) C(11) C(24) C(25) 90.0(8) 
C(12) C(11) C(24) C(25) -38.5(9) 
O(13) C(11) C(24) C(29) 25.6(8) 
C(10) C(11) C(24) C(29) -91.3(8) 
C(12) C(11) C(24) C(29) 140.2(7) 
C(29) C(24) C(25) C(26) 3.6(11) 
C(11) C(24) C(25) C(26) -177.7(6) 
C(24) C(25) C(26) C(27) -1.1(11) 
C(25) C(26) C(27) C(28) -1.6(11) 
C(26) C(27) C(28) C(29) 1.7(11) 
C(25) C(24) C(29) C(28) -3.5(10) 
C(11) C(24) C(29) C(28) 177.8(6) 
C(27) C(28) C(29) C(24) 0.9(11) 
____________________________________________________________________
_
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